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ABSTRACT 


The first part of- this report traces the.. v preGeqlogi c 

HISTORY OF THE EARTH ACCORDING TO THE MOST CURRENT ASTRO- * 
PHYSICAL THEORY OF THE EVOLUTION OF THE SUN AND SOLAR SYSTEM 
FROM THE PARENT SOLAR NEBULA. In VIEW OF THE EFFECT ON 
-TERRESTRIAL SURFACE PROCESSES, THE VARIATION OF SOLAR 
LUMINOSITY WITH TIME IS ALSO CONSIDERED WITH THE SUGGESTION 
THAT CONCLUSIONS ABOUT THE EARLIEST OCCURRENCE OF RUNNING 
WATER ON THE EARTH’S SURFACE MAY HELP IN THE CALIBRATION 
OF THE EVOLUTION OF SOLAR LUMINOSITY. CONCLUSIONS REGARDING 
THE PREGEOLOG 1C ACCUMULATION OF THE EARTH ARE REVIEWED; 
ACCRETION FROM COLD, SOLID OBJECTS PROBABLY! IN THE FORM OF 
WHISKER-LIKE CRYSTALS IS EMPHASIZED. 

The SECOND PART DESCRIBES data and direct conclusions. 
RELATING TO THE OLDEST KNOWN ROCKS WHICH HAVE BEEN FOUND 
DISTRIBUTED- THROUGH A ROUGHLY NORTH-SOUTH BELT IN SOUTHEAST 

Africa, in the Kola Peninsula of northwestern USSR, in 

SOUTH CENTRAL MANITOBA, CANADA AND IN THE NORTHERN ROCKY 
Mountains of the United States. These oldest rocks, which 

HAVE TERMINAL AGES FROM ?.2 TO ?.6 BILLION YEARS IMPLY 
EROSIONAL PROCESSES BACK ABOUT Ij. B l LL I ON YEARS AGO. 

The last part of- the report describes astrophysi cal ’ ! -~~ rvr 

AND GEOLOGICAL CONCLUSIONS DERIVED FROM A CONSIDERATION OF 
THE OLDEST ROCKS AND MODERN CONCEPTS OF THE ORIGIN AND * . 
ACCUMULATION OF THE EARTH. 



1. From the inference that running water existed at least 

4 BILLION YEARS AGO, IT SEEMS THAT TEMPERATURES WERE MOSTLY 
ABOVE-FREEZING at THIS TIME. SlNCE THE PRIMITIVE ATMOSPHERE 
IS SHOWN TO HAVE HAD A 'LOWER GREENHOUSE EFFECT *THAN AT PRE- 
SENT, SURFACE TEMPERATURES MUST HAVE BEEN CONTROLLED BY 
SOLAR LUMINOSITY. ACCORDING TO OUR CALCULATIONS OF TERRESTRIAL 
TEMPERATURES BASED ON CURRENT SOLAR MODELS, EITHER SOME 
REVISION OF THESE MODELS IS NECESSARY OR THE AGE OF THE 
EARTH AND SUN MUST BE 'GREATER THAN k-5 AN D ^ BILLION YEARS 

RESPECTIVELY IN ORDER THAT RUNNING WATER EXISTED AT LEAST 
k- BILLION YEARS AGO. i 

1 ’ ft 

2. Since rates of weathering and erosion vary oirectly 

WITH TEMPERATURE, ATMOSPHERIC WATER CONTENT AND VEGETATION 
COVER, ALL OF WHICH INCREASED WITH GEOLOGIC TIME, IT IS 
SUGGESTED THAT EROSIONAL RATES ALSO INCREASED, ANO WERE 
VERY SLOW INITIALLY. In TURN, THE PERIOD OF DURATION OF 
GEOSYNCLINAL CYCLES SHOULD HAVE DECREASED WITH TIME AS 
EROSION AND RESULTING SEDIMENTATION INCREASED. 

Theories of the origin of continents by segregation 

FROM THE MANTLE CANNOT BE RECONCILED WITH THE TIME SCALE 
PROVIDED BY CALCULATIONS FROM THE THERMAL HISTORY OF THE 
EARTH AND THE CURRENTLY ACCEPTED AGE OF k-5 BILLION YEARS.- 

i 

Arguments are given in support of the hypothesis that the 

CONTINENTS ORIGINATED BY IMPACT FROM EXTRA-TERRESTRIAL 

SOURCES AND WERE MODIFIED BY SUBSEQUENT GEOLOGIC PROCESSES 
AND MANTLE ADMIXTURE. 
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INTRODUCTION 


THE oating of the oldest rocks in the earth's crust 

15 PUSHED FURTHER back in time, the interpretation of early 
geologic processes begins to merge with the realm of astro- 
phys.cal thought relating to the origin of the sun and 
earth and the rest of the solar system. One of' the most 
significant developments in astrophysics, in recent years 

HAS BEEN THE CLEAR DEMONSTRATION THAT STARS MUST BE FORMING 

continuously. Involved in this scheme is the mechanism of 
star FORMATION AND EVOLUTION together' WITH AN ESTIMATE OF 
STELLAR AGES. In THE BOROERLAND BETWEEN ASTRONOMY AND GEOLOGY 
IS THE APPLICATION OF GEOCHEMISTRY, GEOPHYSICS ANO ASTRO- 
PHYSICS TO DETAILED INVESTIGATIONS OF THE PROBLEM OF THE 
ORIGIN OF THE EARTH ANO SOLAR SYSTEM. And IN THE REALM OF 
GEOLOGY, THE DAT LNG OF ROCKS OF GREAT ANTIQUITY PROVIOES THE 
NECESSARY DATA FOR THE INTERPRETATION OF PROCESSES IN THE 
PRIMEVAL EARTH. THESE AREAS OF INVESTIGATION MUST ULTIMATELY 
YIELD A CONSISTENT PATTERN FOR THEY DEAL WITH CONNECTED ANO 
CONTINUOUS STAGES IN THE DEVELOPMENT OF THE SUN AND EARTH. 

Although any current attempt at a synthesis must be a 

HAZARDOUS ONE, WE BELIEVE THE ATTEMPT IS NOW JUST IF FED IN 
VIEW OF THE PROGRESS IN THESE RELATEO AREAS. And ALTHOUGH 
rHE ANALYSIS MAY BE ONLY PARTLY SUCCESSFUL, IT MAY NEVERTHELESS 
INDICATE BOTH CONSISTENCIES ANO INCONSISTENCIES IN MODELS 
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and theories, and also suggest where vital boundary 

CONDITIONS EXIST FOR FITTING THEORY WITH FACT OR OTHER ' 
THEORY. For EXAMPLE, a SUGGESTION RELATING TO’ THIS WAS 
MADE BY SCHWARZCHILD (1958) WHEN HE ASKED WHETHER THE 
PREDICTED INCREASE IN LUMINOSITY OF THE SUN COULO HAVE 
HAD OBSERVABLE GEOLOGICAL EFFECTS. An IMPORTANT, BUT 
BRIEF EXAMINATION OF THIS POINT WAS MADE 8 Y RlNGWOOD (i 960 ). 

As PART OF THIS INVESTIGATION WE PREFER TO REVERSE 
THE THINKING OF SCHWARZCH i LO AND RlNGWOOD BY DETERMINING 
WHAT BEARINGS EARLIEST OBSERVABLE GEOLOGIC PROCESSES "HAVE 
ON THEORETICAL PREDICTION OF INCREASING SOLAR LUMINOSITY. 

This in turn has further implications related to many 

FACETS OF THE PRIMEVAL EARTH. 

The analysis in this report is divi-ded- into three 
major parts. In the first, a summary of the current back- 
ground relating to the origin of the sun and earth is 

GIVEN IN TERMS OF .THE RECENT DATA AND THEORY OF ASTRO- 
PHYSICS AND GEOCHEMISTRY. i-N THE SECOND PART, A SUMMARY 
OF THE DATA OF THE OLDEST ROCKS IS REPORTEO TOGETHER WITH 
THE IMMEDIATE CONCLUSIONS RESULTING THEREFROM’. THE BROAD 
ASTRONOMICAL AND GEOLOGICAL CONCLUSIONS DERIVED FROM THE’ 
PREVI OUS . INFORMAT I ON ARE GIVEN IN THE THIRD AND FINAL 


PART. - 
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ASTRONOMI CAL BACKGROUND 
1 6 1 M of Solar Type ; .-Stars 

Astronomical evidence indicates that stars are form.no 

CONTINUOUSLY FROM CLOUDS OF OUST AND 3AS AS ELABORATED BY 

‘ Burbidge-ano Burbidge ( 1958 ). 

UnOER SUITABLE CONDITIONS (HOYLE, I 96 O; SPITZER, 
Cameron, 1962 ) these clouds may convert kineti.c energy 
either to radiant energy which is lost to space,' or to 
.energy of molecular dissociation and ionization resulting 

in. CONTRACTION OF THE CLOUD. THESE PROCESSES WOULD LEAD TO 
INCREASING TEMPERATURE AND DENSITY W.ITH THE CLOUD BECOMING 
LUMINOUS AT SOME STAGE. ULTIMATELY, THE CENTRAL TEMPERATURE 
AND DENSITY WOULD REACH A POINT. WHERE NUCLEAR REACT ,-ONS 
OCCUR RELEASING ENERGY AT A MORE RAPID RATE AND FINALLY 
CAUSING CONTRACTION TO CEASE. The INITIAL NUCLEAR ENERGY 
■PHASE IS RELATIVELY LONG IN THE LIFE HISTORY OF A STAR SO 
THAT MOST STARS HAVE OBSERVABLE FEATURES CHARACTERISTIC OF 
this phase. In THE Russell-Hertzsprung DIAGRAM, WHICH SHOWS 
STELLAR LUMINOSITIES PLOTTED AGAINST COLOR OR TEMPERATURE, 
there is A MARKEO CONCENTRATION IN A NARROW REGION CALLEO 

^'the main-sequence" (Struve, 1950; Arp, 1958; Schwarzsh i ld , 
1958 ). Stars in this phase- of development, such as the sun, 
ARE THEREFORE REFERRED TO AS "ma.N-SEQUENCe" STARS. DuRINg’ 
their EVOLUTION THEY OEVIATE PROGRESSIVELY AWAY FROM THE 
MAIN SEQUENCE, BUT THE '-SUN, WHICH IS AT LEAST 5 BILLION 



YEARS OLD STILL LIES WITHIN THIS GROUP INDICATING IT HAS 
UNDERGONE L.ITTLE EVOLUTIONARY CHANGE . 

In general, stars .form as very localized multiple 
SYSTEMS (van DE KaMP , 1955) WITH BINARIES PREDOMINATING. 

ON A LARGER SCALE THEY SEEM TO FORM PRIMARILY l.jSJ GROUPS 
WITH MEMBERS NUMBERING IN THE HUNDREDS. THEORIES OF STAR 
FORMATION, REVIEWED BY BURSIDGE AND BuRBIDGE (1959), ARE 
NOT DETAILED ENOUGH TO ACCOUNT FOR THESE FEATURES EXCEPT 
IN A GENERAL WAY. WHATEVER THE PROCESSES OF STAR FORMATION 
MAY BE, IT IS BELIEVED THAT MAIN-SEQUENCE STARS LIKE THE 
SUN- ARE SURROUNDED INITIALLY BY CLOUDS OF GAS AND DUST. 

Evidence to support this view arises from the interpretation 
(Herb i g, 1962 ) of the T Tauri class of variable stars as 

BEING IN PROCESS OF FORMATION. THESE STARS COVER A RANGE OF 
SPECTRA WHICH INCLUDES THAT OF THE SUN. 

Ii IS NOT AN UNREASONABLE HYPOTHESIS THAT UNDER SOME 
CIRCUMSTANCES, PARTICULARLY FOR SINGlE STARS, A PLANETARY 
SYSTEM MAY DEVELOP OUT OF THE SURROUNDING NEBULOSITY. Th I S 
IS THE REASONING BEHIND THE CURRENT THEORIES OF THE ORIGIN 
OF PLANETARY SYSTEMS (HOYLE, 19o0; CAMERON, 1962). 

In ORDER TO INTERPRET BOTH CHEMICAL ANALYSES OF METEOR- 
ITES AND THE EARTH'S CRUST, AND RADIOACTIVE DATING MEASURE- 
MENTS, A KNOWLEDGE OF . THE PRIMORDIAL COMPOSITION IS REQUIRED 
^ THOROUGH DISCUSSION OF ABUNDANCES OF THE ELEMENTS HAS 
BEEN GIVEN BY SUESS ANO UREY 095&)* HOWEVER, THEIR D I S- 
BUSSION DID NOT TAKE INTO ACCOUNT THE NOW WELL ESTABLISHED 
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RESULT THAT ELEMENT DISTRIBUTIONS DIFFER AMONG STAR GROUPS 
IN THE GALAXY (SCHWARZSCH I LD , l^Q; BURB I DGE AND BURBIDGE, 

1958; Aller, 1958 ). 

THE THEORY OF ELEMENT FORMATION IN STARS STARTS WITH 
A PURE HYDROGEN GALAXY FROM WHICH THE INDIVIDUAL STARS FORM. 

Nuclear processes supply steller energy and in the process 

CONVERT HYDROGEN TO HEAVIER ELEMENTS. At A LATE STAGE OF 
DEVELOPMENT STARS MUST EJECT A CONSIDERABLE FRACTION OF 
THEIR MASSAS INTO INTERSTELLAR SPACE AS IN THE CASE OF SUPER- 
NOVAE. THE RESULTING NEBULOSITY LEADS TO a SECOND GENERATIOr 
Or STARS ENRICHED IN HEAVIER ELEMENTS. THE SUN APPEARS TO 
BELONG TO A STILL LATER CYCLE IN WHICH THE CONCENTRATION OF 
HEAVIER ELEMENTS HAS BEEN INCREASED STILL FURTHER. 

. • Age and Evolut i on of the Sun 

The age of the SUN PLACES LIMITS on the time SCALE FOR 
FORMATION OF THE EARTH. INITIAL LUMINOSITY AND SUBSEQUENT 
EVOLUTIONARY CHANGES FOR THE SUN ARE PRIMARY FACTORS DETER- 
MINING THE TEMPERATURE OF THE CLOUD FROM WHICH THE EARTH 
FORMED AND SUBSEQUENTLY THE EARTH'S SURFACE TEMPERATURE. 

THE MAJOR INITIAL EVOLUTIONARY CHANGE IN A STAR IS ITS 
I NCREAS I NG LUMI NOS 1 TY. CALCULATIONS FOR THE SUN, FIRST 
CARRIED OUT BY SCHWARZSCH I LD 0958) AND HIS ASSOCIATES 
SHOWED THAT WITH AN INITIAL COMPOSITION OF 75“80 PERCENT 
HYDROGEN, AN' I NCREASE OF ABOUT lj.0 PERCENT I N .LUMI NOS l TY 
WOULD HAVE OCCURRED IN ABOUT 5 BILLION YEARS. 
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N general the age OF the sun has been assumed to be 
ABOUT 5 BILLION YEARS (SCHWARZSCH I LD , I 958 ) ON THE BASIS 
THAT IT IS NOT MUCH OLDER OR YOUNGER THAN THE EARTH. 

Haselgrove and Hoyle 0959) have attempted to deduce the 

SUN’S AGE FROM THE TIME IT WOULD TAKE A HOMOGENEOUS STAR OF 
■THE sun's MASS AND INITIAL COMPOSITION TO EVOLVE TO THE 
PRESENl SUN. Once the sun became A MAIN-SEQUENCE STAR THE 
CONVERSION OF HYDROGEN TO HELIUM I N I TS CENTRAL -REGIONS 
WOULD DESTROY THE HOMOGENEITY BY PRODUCING A GROWING CORE ' 
DEPLETED IN HYDROGEN. HOYLE’S CALCULATIONS START WITH AN 
INITIAL SUN HAVING A HYDROGEN TO HELIUM MASS RATIO OF J, A 
VALUE ALSO ADOPTED BY SuESS AND UREY (1956). ALTHOUGH THE 
RATE OF HELIUM FORMATION IN THE GALAXY IS AN UNCERTA I N .QUANT I TY 
DETERMINATIONS OF THE HYDROGEN TO HELIUM MASS RATIO (AlLER, 
1958) FOR LUMINOUS HOT STARS FORMED WITHIN^IC# YEARS VARY 
trom 2 to 5* .Because these stars are much younger than 

™ c SUN ’ THEY sh °ULD CONTAIN RELATIVELY MORE HELIUM. 

The zero-age" sun would have had about 0.7 of the 

PRESENT LUMINOSITY. WlTH THE ADOPTED COMPOSITION, 5.1l ' 

BILLION YEARS WOULD HAVE BEEN REQUIRED TO ATTAIN THE PRESENT 

luminosity. The rate of stellar evolution is greater at 
LOWER HYDROGEN CONCENTRATIONS (HOYLE, 1959). For TWO 
STARS HAVING APPROXIMATELY SOLAR LUMINOSITY BUT DEPLETED 


IN HEAVY CLEMENTS ( Type II STAR) COMPARED WITH THE SUN, HOYLE 
FOUND THAT FOR 99 PER CENT HYDROGEN THE TIME SCALE OF 



INTENTIONALLY 

LEFT 


BLANK 
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£ on , D I T I ONS OF &CCUMU LAT | 0 (\J . QUITE CONCLUSIVE EVIDENCE 

for the formation of the earth and meteorites from solids : 

AT LOW TEMPERATURES HAS SEEN PRESENTED BY BROWf* (1952) AND . ' 

Urey (1957a, b). ' " 

-•Brown compared ratios of terrestrial to cosmic abundances 

OF THE NOBLE GASES, Ne , A, Kr, AND Xe, WITH SIMILAR RATIOS 
for the more reactive GASES, H^Q, CO^, N AND 0 . For the 
LATTER GROUP THE RATIOS OF TERRESTRIAL TO COSMIC ABUNDANCES 
ARE MUCH HIGHER THAN FOR THE INERT NOBLE GASES. BECAUSE ALL 
OF THE ABOVE MOLECULES HAVE COMPARABLE MOLECULAR WEIGHTS, 

GAS PHASE FRACTIONATION IN A GRAVITATIONAL FIELD COULD NOT 
HAVE PLAYED AN IMPORTANT PART IN THEIR ACCUMULATION. THE 
REACTIVE GASES MUST THEREFORE HAVE BEEN RETA I NED CHEMICALLY 
IN SOL I OS UNTIL THE EARTH WAS LARGE ENOUGH TO HOLD THEM IN 
GASEOUS FORM. A CONSEQUENCE OF THIS REASONING IS THAT THE 
ATMOSPHERE AND HYDROSPHERE MUST BE ENTIRELY OF SECONDARY 
ORIGIN. 

Brown suggests that H^O was probably in the form of 
HYDRATED MINERALS. Th.I S WOULD HAVE LIMITED TEMPERATURES TO 
VALUES BELOW WHICH SUCH HYDRATES ARE STABLE. 

Urey (1957a) carried out a somewhat similar analysis for 
LESS VOLATILE ELEMENTS AND CONFIRMED THE LOW TEMPERATURE 
SOLID ACCUMULATION HYPOTHESIS. ZlNC, CADMIUM, ARSENIC, AND 
MERCURY ARE RELATIVELY VOLATILE OR FORM VOLATILE COMPOUNDS 
IN A MIXTURE HAVING COSMIC PROPORTIONS OF THE ELEMENTS. As 
'0 EVI °ENCE FOR THE DEPLETION OF THESE ELEMENTS EXISTS, THEY 
/UST HAVE ALSO BEEN CAPTURED IN THE FORM OF SOLID PARTICLES. 
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Urey concludes that temperatures during the formation of the 

EARTH WERE LESS THAN A FEW HUNDRED DEGREES CENTIGRADE. HOW- 
SVtR, TEMPERATURES COULD NOT HAVE BEEN EXTREMELY* LOW OR THE 
NOSLE GASES WOULD HAVE CONDENSED OUT OR HAVE BEEN ADSORBED 
ON THE SOLID PARTICLES AND THEIR DEPLETION WOULD HAVE BEEN 
LESS THAN OBSERVED. HENCE, THE TEMPERATURE OF ACCUMULATION 
SEEMS LIMITED TO A RANGE THAT APPROXIMATES PRESENT SURFACE 
TEMPERATURE RANGES. 


M echanism of planet accumu lation. - - The major attempts 

TO EXPLAIN THE FORMAT. 1 ON OF THE FOUR INNER OR TERRESTRIAL 
PLANETS FROM SOLIDS ARE THOSE BY UREY (1957a,B, 1^8) AND THE 

Soviet School (Schmidt, 1955. 1958; Levin, 1956 , 1959 ). A 

DISCUSSION OF THE SUBSEQUENT DEVELOPMENT OF METEORITES AFTER 
ACCUfAi LAT I ON HAS BEEN GIVEN BY ANDERS AND HIS ASSOCIATES 

(Fish et. al., i 960 ; Anders and Goles, 1961 ). As the surface 

TEMPERATURE, COMPOSITION AND STRUCTURE OF THE GROWING PLANET 
DEPEND UPON THE ACCUMULATION MECHANISM, THIS PROCESS HAS AN 
IMPORTANT BEARING UPON THE STRUCTURE OF THE EARTH AND THE 
PRIMITIVE CRUST. 

IHE MECHANISM FOR CAUSING MORE OR LESS SPHERICAL, SOLID 
GRAINS TO AGGREGATE' INTO LARGE MASSES HAS BEEN OBSCURE IN ALL 
ATTEMPTS TO FORM LARGE OBUECTS. A RECENT PROPOSAL (OONN AND 

Sears, 19o>5) points out that in the solar nesula condensing. 

PARTICLES SHOULD HAVE INCLUDED A LARGE PROPORTION OF 



11 


■rregularly shaped grains in the form of plates, filaments 

AND VARIOUS COMBINATIONS. THESE PARTICLES WOULD HAVE THE 
PROPERTIES ASSOCIATED WITH MINUTE PERFECT CRYSTALS OR WHISKERS, 
I.E., MECHANICAL STRENGTH AND ELASTICITY SEVERAL ORDERS OF 
MAGNITUDE GREATER THAN FOR BULK MATERIAL OF THE SAME 
COMPOSITION. The SHAPE ANO STRENGTH, OF THESE GRAINS PROVIDE 
A MEANS FOR THEM TO' COHERE UPON COLLISION. ThE RESULTING 
AGGREGATE WOULD BE A LOW DENSITY POROUS OBJECT AND AN 
EFFICIENT COLLECTOR OF ALL PARTICLES STRIKING IT. 

.Q OMPps IT . I , ON PF ACCRET I NG MATER I A-L . - - THE COMPOSITION OF 
THE PARTICLES FROM WHICH THE EARTH FORMEO DEPENDED UPON THE 
TEMPERATURE OF THE NEBULA AND ITS HISTORY. ‘ In UREY'S TWO- 
STAGE PROCESS THE FRAGMENTED SOLIDS WERE OF METALLIC OR 
SILICATE COMPOSITION. If TEMPERATURES WERE LOW ENOUGH, SOME 
OF THE VOLATI.LE COMPONENTS OF THE GAS WOULD HAVE CONDENSED 
ALSO. A DIFFICULTY WITH THIS SCHEME WHICH UREY ( 1 957a ’) HAS 
EMPHASIZED IS THE MECHANISM OF ACCUMULATION OF THE PRIMARY 
ANO SECONDARY OBJECTS INTO THE PLANETS. 

In GENERAL ONE WOULD expect solid grains condensing in 
THE SOLAR NEBULA TO FORM WHISKERY PARTICLES AS NOTED BY 

Donn ano Sears (1965). The condensation of nebular material ■ 

INTO SPHERICAL' PARTICLES WOULD HAVE REQUIRED VERY SPECIAL 
CONDITIONS SUCH AS PROPOSED BY WOOD (I 965 ) FOR THE ORIGIN 
OF CHONO RULES.- 
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The water in the earth may have resulted from the 

ACCRETION OF ICE GRAINS. THIS WOULD REQUIRE QUITE LOW : 

TEMPERATURES IN THE fj REGlON OF THE EARTH AS PROPOSED BY 

Schmidt (1955) and Opik ( 1962 ). Brown ( 1952 ) and Latimer 

(1950) PROPOSED THAT THE WATER WAS INCLUDED' IN HYORATED 
MINERALS. HYORATED SILICATES WITH THEIR COMPLEX CRYSTAL 
STRUCTURE COULO FORM FROM A MELT (UREY, 1957a); BUT HARDLY 
SEEM POSSIBLE FROM THE VAPOR PHASE. THE MEANS OF ACCUMULATION 
COULD HAVE BEEN AS SIMPLER HYDRATED MOLECULES (MgOH, NH OH ) , 

AS ICE PARTICLES, OR AS ADSORBED WATER ON. SILICATE GRAINS 

(Urey, 1952a). 

A RATHER THOROUGH DISCUSSION OF CHEMICAL REACTIONS IN 
THE SOLAR NEBULA HAS BEEN GIVEN BY UREY (1952b). LaTIMER 
( 1950 ) AND EuCKEN (19^4) HAVE ALSO CONSIDERED THIS PROBLEM. 

AT LOW TEMPERATURES, STABLE, NON-VOLATILE GRAINS ARE SlO£V 

FE 2 Sl .V MS 2 S ‘V FES> AND FE j\ AS WELL as VAR10US metallic 
oxides. Among stable volatile constituents are H 0 NH 

2 ’ x 

AND NH^OH. Presumably the original grains had much the ? 

ABOVE COMPOSITION. 

• Ig MPERA . TURE OF AN ACCRETING EARTH . - - The TEMPERATURE OF 
THE ACCRETING EARTH WAS A DOMINANT FACTOR IN DETERMINING THE 
COMPOSITION AND STRUCTURE OF THE EARTH AND THE RATE OF 
ATTAINING ITS ULTIMATE CHARACTERISTICS. A COMPLETE 0 I SCUSS I ON 
BECOMES TOO INVOLVED TO INCLUDE HERE, BUT A SURVEY OF 
ANALYSES OF SUCH TEMPERATURES IS PRESENTED. T HE FOLLOWING 



FACTORS- CONTRIBUTED TO THE HFin^ 

, . . E HEATING OF THE EARTH "As IT FORMED: 

( ' T ™ PERATU ^ THE SOLAR NEBULA, (2) CONVERS-j ON OF' 
POTENTIAL ANO KINETIC ENERGY OF PARTICLES TO HEAT, (J) RELEASE 
CAL ENERGY OF METASTAB LE SPECIES STORED AT LOW 
TEMPERATURES, (if.) WORK OONE IN COMPRESSING MATERIAL FROM 
INITIAL LOW DENSITY-, AND (5) RADIOACTIVE DECAY. 

Because of the requirement of a low temperature 
accumulation the first factor was negligible. Init.ally 
PROCESS 2 was INEFFICIENT because of low impact velocity 
SMALL MASS. As THE EARTH BECAME LARGER BOTH FACTORS IN 
2 BECAME MORE EFFECT, VE ANO AT SOME STAGE A H , GH SURFACE 

temperature may have developed. However as the terminal stage 
approached with the earth NEAR full size the rate of growth 
wjst have oeolined, approach.! ng zero as accumulation was 

COMPLETED. T H , S FEATURE HAS NOT BEEN TAKEN INTO ACCOUNT IN 
ANY OF THE TEMPERATURE DETERMINATIONS ( T ER HaaR AND WlRGELAND 

1947 ; Benfield, 1950, ETC.) although it was pointed our by 
Levin ( 1957 ). The net effect was that thermal rad, at, on ' 

COMBINED WITH A SLOW RATE OF CONVERSION OF KINETIC OR POTENTIAL 
ENERGY TO HEAT WOULD HAVE PREVENTED HIGH SURFACE TEMPERATURES 

™ E F,NAL STAGES 0F nation. Local high temperatures 
probably occurred from occasional impacts at that stage ■ 
because the accumulating grains would have aggregated into 

BARGER OBUECTS (Opik, 1 9 6 2 ; BONN ANO SEARS, 1 9 6?) WHICH WOULD 

have generated high temperatures in the impact zone. Urey's 
lunar calculation (1952,. P. -J 7) SUGGEST that rapid cooling 



WOULD OCCUR IN THESE LOCALLY HEATED ZONES. 

In a low temperature nebula, chemical heating (process 5) 

> 

MAY HAVE BEEN IMPORTANT FOR OBJECTS MUCH SMALLER THAN THE 
EARTH OR DURING THE iNITIAL STAGES OF GROWTH. WHEN THE EARTH 
WAS NEARLY FULL SIZE CHEMICAL ENERGY WOULD BE RELEASED 
IMMEDIATELY ON IMPACT AND ITS EFFECT INCLUDED IN THE IMPACT 
HEATING WHICH WOULD BE SMALL AT THIS STAGE. 

Process 1]., the compress i onal heating, has been investi- 
gated by Lubimova (1958) and Mac Donald (1959) whose results 

SHOW THAT THE TEMPERATURE RISE IN THE CENTER WOULD HAVE 
BEEN ONLY A FEW HUNDRED DEGREES. IN FACT, LUBIMOVA CONCLUDES 
THAT THE RISE FROM THE COMBINED EFFECTS OF IMPACT, RAO I 0- 
ACTIVE HEATING AND COMPRESSION WOULD ONLY HAVE BEEN 1200 
DEGREES. 

Most calculations of temperatures arising from radio- 
active DECAY, PROCESS 5, DON'T APPLY BECAUSE IN THE PRESENT 
CASE WE ARE CONCERNED WITH AN EARTH OF ESSENTIALLY UNIFORM 

composition. MacDonald (1959) found for such circumstances 

THAT MELTING TEMPERATURES FOR A METALLIC PHASE WOULD BE 

Ct 

ATTAINED 0.5 TO 2 x IQ’. YEARS AFTER AGGREGATION. DIFFEREN- 
TIATION OF A CORE WOULD THEN OCCUR A LONG TIME AFTER 
AGGREGATION. MACDONALD DOES NOT CONSIDER MANTLE-CRUST 
DIFFERENTIATION BUT IT IS APPARENT THAT IT WOULD TAKE LONGER 
YET IF IT COULD OCCUR AT ALL. 

IN SUMMARY, PRESENT IDEAS CONCERNING THE ORIGIN AND 
A C CL’ .'AJ LA T I ON PROCESSES ARE FAR FROM DEFINITIVE 8UT CERTAIN 





CONCLUSIONS CAN BE DRAWN REGARDING THE CHARADE R I ST I CS OF 
THE EARTH AT THE TERMINATION OF THE ASTRONOMICAL PHASE OF 
ITS DEVELOPMENT - THE ACCUMULATION OF ITS COMPLETE MASS. 

i 

RhE earth's COMPOSITION WAS BAS-I CALLY THAT OF A UNIFORM 
MIXTURE OF RELATIVELY COLD SOLID GRAINS DURING ACCUMULATION. 

Such accumulation requires the subsequent heating and segre- 

* 

GAT I ON OF THE INTERIOR FOR THE DEVELOPMENT OF THE PRESENT 
SiRUCTURE.. By the terminal stage the CENTRAL- REG I ON WAS 
PROBABLY WELL INTO' THE PROCESS OF HEATING, ALTHOUGH THE OUTER 
PORTION MUST STILL HAVE RETAINED ITS PRIMEVAL COMPOSITION AND 
STRUCiURE. At THE TIME OF THE EARLIEST DETERMINABLE GEOLOGICAL 
PROCESSES THE DATA OF THE OLDEST ROCKS SHOWS THAT THE CRUST 
WAS ALREADY WE LL-D I FFERE-NT l ATED . In THE FOLLOWING SECTIONS 
WE WILL TRY TO CONNECT THE ASTRONOMICAL WITH THE GEOLOGICAL 
PHASES BY A FURTHER INTERPRETATION OF THE OLOEST ROCKS. 

THE OLDEST ROCKS 

THE OTHER IMPORTANT EVIDENCES THAT MUST BE CONSIDERED 
IN FORMING AN OPINION ABOUT EARLY CONDITIONS ON THE EARTH 
ARE THE CHARACTERISTICS OP THE OLDEST ROCKS THAT HAVE BEEN 
DISCOVERED. THE TWO REGIONS IN WHICH THE ROCKS OF GREATEST 
MEASURED ANTIQUITY OCCUR ARE SOUTHERN AFRICA AND THE KOLA 

Peninsula in the USSR. Other regions in which rocks of 

NEARLY AS GREAT ANTIQUITY HAVE BEEN FOUND ARE IN CENTRAL 

Canada, western United States and western Australia. 
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■ South: Arri ca 

Jhe Sebakwian System represents one of the’-'-oldest 

GROUPS OF ROCKS FOUNO IN THE CONTINENT OF AFRICA.. THE MICAS 
FROM A PEGMATITE CUTTING THIS SYSTEM HAVE BEEN DATED BY 
THE K/Ar^METHOD (KULP AND POLOERVAART) AT 0.Y. WHICH 

MUST BE REGARDED AS A TERMINAL DATE FOR THE SEBAKW1AN. We 
MUST EMPHASIZE THAT THIS, AND ALL K/A^ATES TO-' BE GIVEN, 

MJST BE CONSIDERED AS MINIMUM OATES OWING TO THE .POSS I B I L I TT 
DF ESCAPE Or ARGON. ALTHOUGH THE CONCLUSIONS THAT FOLLOW 
LATER ARE BASED ON THE EXPERIMENTAL VALUES, A REVISION TO 
GREATER AGES MAY BE- JUST I FI ED IN THE FUTURE. 

According to. the description given b.y MacGregor (1951),- 

rHE SEBAKWIAN ROCKS OUTCROP .in a GENERAL NORTHEAST-SOUTHWEST 
3ELT, FROM. NEAR Mr. DaRW-I N TO FlLABUSI IN EASTERN SOUTHERN' 
Rhodesia. However, based on more recent observations, 

^OLDERVAART (PERSONAL COMMUN I CAT I ON ) ' CONS I OERS THAT ONLY 
rHE ROCKS NEAR GwELO ARE AUTHENTIC SEBAKWIAN. The GwELO 
^OCKS INCLUOE HIGH GRADE ’METAMORPH I CS SUCH AS GRANULITES 
VHOSE OR. I G I NAL .LITHOLOGY IS UNCERTAIN’, FE LDSPATH I C OR 
\RKOSiC QUARTZITES AND DIRTY SANDSTONES WITH LENSES OF 
CONGLOMERATE . ' 

Resting with high angular unconformity on the Sebakwian 

SYSTEM IS THE BuLAWAYAN SYSTEM (MACGREGOR, 19^1 ), WHICH 
CONSISTS OF VOLCANIC GREENSTONES WITH INTERBEDDED ALGAL 
. IMESTONES AT THE BASE, FOLLOWED BY ARKOSES, GRAYWACKES ANL 
‘ERRUG.I NOUS CHERTY QUARTZITE. At' THE BifSlTA Ml NE , A PEGMATITE 
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'NTRUStVE INTO THIS SEQUENCE HAS BEEN OATED AT 2.6 TO 2.8 S.Y. 
(Kulp and Poldervaart). Au of these rooks have been complexly 
FOLDED AND METAMORPHOSED AND "invaded" BY GRAiyiTE BATHOLITHS. ' 
Rocks of an antiquity equivalent to that of the SksAKWi an 

OCCUR 10 THE SOUTH IN SWAZILAND. As DESCRIBED BY HuNT.ER (1957), 
IHE BASEMENT COMPLEX DESIGNATED THE SWAZILAND SYSTEM, IS 
COMPOSED OF COMPLEXLY FOLDED GNEISSES, GRANULATES ANO 
MI-GMAT I TES . The LOWEST MEMBER' of the system contains 
GRANODIORITIC GNEISSES with AUGEN OF FELDSPAR AND QUARTZ, AND 
6 RANUL I tes with intercalated quartz SCHISTS. The only clearly 
recognizable metaseoiments occur as lenses of quartzite. The 

PARAGNEISSES ARE PREDOMINANTLY LIGHT-COLORED, BEING COMPOSED 
ESSENTIALLY OF QUARTZ AND FELDSPARS. THESE ROCKS GRADE INTO 
DARKER VARIETIES CONTAINING HORNBLENDE AND PYROXENE. THE 
NATURE AND COMPOSITION OF THE PRESUMED METASEDIMENTS DESCRIBED - 
HERE AND IN FURTHER DETAIL BY HUNTER SUGGEST STRONGLY AN 
ORIGIN FROM A SiALJC SOURCE. ' 

The granites formed in the metamorphism of the Swaziland 
System have -been dated tentatively at b.y. ay Allsopp, 
Roberts, Schreiner and Hunter (1962), who used the Rs/Sr 
method on the entire rock sample. This date must also be 
regarded as a terminal date for the Swaziland cycle. 

Dates from rocks in the Belgian Congo approaching this 
antiquity have been obtained. Ages -of 3.51 to b!y. 
have resulted from the method of modern .lead in galena 
J Homes and Cahen, 1957). These dates extend the region of 
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Oldest rooks northward from. the exposures in Southern 
Rhodesia. 

* 

The greatest age so far , obtained was determined from a 
CHARNOKITE GRANITE COLLECTED BY A. POLDERVAART TO THE SOUTH- 
EAST of Lake Victoria in northern Tanganyika (Kulp and' 
POLDERVAART^ PERSONAL COMMUNICATIONS). A K/A^GE 1 OF 5 . 6 'B.Y. 
WAS DETERMINED AT LAMONT ON THE ROCK WHICH IS DESCRIBED AS 
OCCURRING ON A HILL REPRESENTING THE REMNANTS OF A THRUST SHEET 
An AGE OF 2.8 B.Y. HAS BEEN OBTAINED FROM THE OODOMAN SCHISTS ' 
WHICH OCCUR OVER A LARGE REGION IMMEDIATELY TO THE WEST OF 
THE GRANITE EXPOSURE. 


Kola Peninsuia 

The EARLY PRECAMBRIAN ROCKS IN THE KOLA PENINSULA ABE 
HIGHLY METAMORPHOSED AND COMPLEXLY FOLDED. ALTHOUGH THE AGE 
RELAT-1 ONS ARE NOT ENTIRELY CLARIFIED, A FAIRLY ORGANIZED 
PICTURE CAN BE INTERPRETED FROM RECENT SOVIET PUBLICATIONS 
FROM WHICH THE FOLLOWING DESCRIPTIONS ARE TAKEN (VlNOGRADOV 

AND Tugarinov, 1961 ; Lazk.o, I962; Pryatkina, i960; Vakiyevshii 
and Nikolayeva, 1962; Polkanov ano Qerling, 1959; Kharatonov. 
Ozhinskm, Volodin and Polfyerov, 1961). 

The OLDEST ROCKS are the Katarchean GROUP CONSISTING 
OF A LOWER BIOTITE GNEISS COMPLEX (KOLA SERIES) AND AN 
UPPER SERIES COMPOSED OF A VARIETY OF GNEISSES AND AMPHIBO- 
LITES. This group is now recognized as being older than the 
LOWER ARCHEAN WITH WHICH IT WAS FORMERLY, I'NCLUDED 
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The lower Katarchean is a geosyncline which extends 
eastward from the Kola Fjord (north-northeast of Murmansk). 

The major rock types are biotite gneisses and garnet i fcrous 
gneisses. According to Mac'iyevskii and Nikolayeva (1962) the 
oldest biotite gneisses, which are restricted to the crests 
of anticline.s, often contain dark-colored amphibolitic slates 
and magnet i t 1 c quartzites. The younger garnet iferous gneisses 
contain more alumina and less iron oxide and magnesia. 

A K/Afjlk determinations of j. to b.y. by Rolkanov 
AND GERLING (i960) WERE MADE ON B l OT I TES FROM A BIOTITE GNEISS 
OF the Kola series in the Voronya River valley. Kouvos ano 
KuLP (1961) HAVE CHECKED AND CONFIRMED THESE DATES. We AGAIN 
MUST EMPHASIZE, HOWEVER, THAT THE DATE IS THAT OF THE ' 
METAMORPHISM OF THE ROCKS, HENCE IT IS A TERMINAL DATE FOR THE 

lower Katarchean, The dates for the termination of the upper 
Katarchean, given by Polkanov and Gerling (i960) and 
PrYATKINA (i960), FALL BETWEEN 2.6 AND 2.8 B.Y. 

IT IS ALSO WORTHY OF EMPHASIS THAT THE PRESENCE OF THE 
QUARTZITE LENSES IN THE LOWER KATARCHEAN OR KOLA SERIES MUST 
INDICATE THE EXISTENCE OF A SIALIC PARENT ROCK FROM WHICH 
THE LOWER KATARCHEAN SEDIMENTS WERE DERIVED. , This WILL BE 
DISCUSSED FURTHER IN A LATER SECTION. 

The metamorphic rock sequence in the southern part of 
the Kola Peninsula i.s not as clearly. defi neo as in the north. 
Lazko (1962) describes a Kola-like White Sea seri.es of 
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SlOTiTE GNEISSES, B I OT I TE-GARNET GNEISSES, AND S I LL I MAN I TE 
GNEISSES, CONTAINING MANY AMPHIBOLITES AND PYROXENIC SLATES. 

These may be correlative with some part of the Vat arche an of 

THE NORTHERN KOLA REGION ACCORDING TO MaCI YEVSK ll AND 
Nikolayeva (1962).. !n the Kandalash Bay shore region, a belt 

of GRAN I T 1, ZED GNEISSES CONTAINS AMPHIBOLITES WHICH INCLUDE 
CARBONATE LENSES. A K/Ar DATE OF ^ , 2 ^ B . Y . ON 'A GRANITE FROM 
THE SOUTHERN PART OF THE KOLA PENINSULA IS GIVEN BY POLKANOV 

and Gerli.ng (i960). ..Although positive correlations have not 

YET BEEN MADE, THIS DATE SUPPORTS THE VIEW THAT THE ROCKS OF 
THE SOUTHERN PART OF THE KOLA PENINSULA ARE AT LEAST EQUI- 
VALENT TO SOME PART OF THE KATARCHEAN OF THE NORTHERN PORTION 

of the Peninsula. 


North Amer i ca ^ 

One of the older parts' of the Canadian shield is found 
ALONG THE WINNIPEG RlVER IN SOUTHEASTERN' MAN.I T 08 A . THE OLDEST 
ROCKS, WHICH ARE KNOWN AS THE R I CE LAKE SERIES ARE DIVIDED 
INTO THREE PHASES. .(WRIGHT, 1 95 ^) . • THE LOWEST, WANGOTAGAN 

Phase, is composed of quartzite, graywacke, slate, chert 

AND CONGLOMERATE IN PART RECRYSTALLIZED INTO GRANITE SCHIST 
AND GNEISS. 

Numerous pebbles and boulders of granite are found in 

THE MANGOTAGAN COMGLOMERAT.E . THE GRANITIC SOURCE FROM WHICH 
THIS MATERIAL HAS BEEN DERIVED MUST HAVE BEEN EXPOSED DURIN6 
THE TIME OF SEDIMENTATION OF MANY OF THE MANGOTAGAN SEDi- 



21 


ntary units although no outcrops of the original rock have 

SO FAR BEEN FOUND. I T MUST BE NOTED THAT DAVIES ( 1 9^6 ) 

OFFERED SOME INCONCLUSIVE REASONS TO QUESTION IfHE CONGLOMERATIC 
NATURE OF THE MANGOTAGAN CONGLOMERATE, SUGGESTING THE ROUNDED 
AND ELONGATED GRANITE FRAGMENTS WERE INTRUSIONS INTO AN 
ORIGINAL SCHIST. UNTIL THE RESULTS OF OUR FIELD STUDY AND 
LABORATORY ANALYSIS AND OAT I NG OF THIS UNIT IS COMPLETE, WE 
WILL FOLLOW THE COMGLOMERAT l C ORIGIN PROPOSED BY WRIGHT 
(1932), OERRY (I 95 O) AND APRINGER (19^9). 

The Rice Lake series has been invaded by pegmatites that 
POST-DATE THE METAMORPHISM OF THE SERIES. Rb/Sr AGE DETER- 
MINATIONS (REVIEWED BY GAS-TIL, I960) WHICH HAVE BEEN PERFORMED 
ON LEPIDOLITE FROM THESE PEGMATITES G'l'VE AND AGE OF ABOUT 
2.69 B.Y. WHICH MUST 8 E CONSIDERED A TERMINAL DATE FOR THE 

Rice Lake cycle. 

IHE TIGHTLY FOLDED R I CE LAKE FORMATIONS THUS APPEAR TO 
BE A CORRELATIVE OF THE BuLAWAYAN SERIES OF SOUTHERN RHODESIA 
AND OF THE UPPER. KaTARCHEAN OF THE KOLA PENINSULA. THE 
GRANITE 80ULDERS IN THE LOWER R l CE LAKE CONGLOMERATE MUST HAVE 
BEEN DERIVED FROM EITHER A STILL OLDER OROGENIC 8ELT OR A 
PRIMORDIAL GRANITE SOURCE. If THE FORMER, THE ROCKS INVOLVED 
IN THE OROGENIC BELT MIGHT WELL BE CORRELATIVE W-i TH THE 
Sebakwian System, the Swaziland System and the Kola series. 

A RECENT STUDY OF THE U/Pb SYSTEM IN' ZIRCONS FROM ANCIENT 

rocks of the Beartooth Mountains of Montana was made by 
Catanzaro (1962). The major rock units in the area of Quad 
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Creek, where many of the samples were taken, occur in a 

tightly folded syncline. This group consists of Precambrian . 

. * 

granite gneiss, migmatite., metasedimentary rocks (primarily 

PARAAMPH 1 BOL 1 TES AND QUARTZITES DERIVED FROM ARENITES, LUT 1 TES 
AND POSSIBLE CALC I LUT I TES ) AND METAMORPHOSED MAFIC D-l KES AND 

STOCKS £Eckelmann 6 and Poloervaart, 1957), The ages, based 
UPON Pb , / PB IN ZIRCONS, RANGE FROM 2.6 TO J.1 B.Y. 

The ZIRCONS ARE- interpreted as detrital grains that have 

SURVIVED METAMORPHISM BUT HAVE OFTEN HAD SURFACE OVERGROWTHS 
DURING ONE OR MORE OF THE MAJOR EVENTS THAT AFFECTED THE 
REGION AT 2 . 8 , 1.8 AND 0,5 BILLION YEARS AGO. It IS RECOG- 
NIZED THAT THE AGE DETERMINATIONS FROM THE ZIRCONS ARE 
DISCORDANT AND LOW. DISCUSSIONS BY CATANZARO AND ALSO BY ' ‘ 
KULP (1962) LEAD TO THIS I NTERPRETAT I ON J "The ISOTOPIC AGES 
SUGGEST THAT THE ORIGINAL ZIRCONS WERE FORMED AT LEAST 55 
HUNDRED MILLION YEARS AGO AND PROBASLY 1], THOUSAND MILLION 
YEARS AGO, BUT EXPERIENCED EPISODIC LEAD LOSS 2650 MILLION ' 
YEARS AGO DURING THE LAST REGIONAL METAMORPHI SM' 'WH I CH WAS 
ACCOMPANIED BY PEGMATITE INTRUSION.” Th I S AGE' (2650 M.Y.), 
WHICH IS BASED ON -1.SOTOPIC LEAD MEASUREMENTS FROM THE PEG- 
MA 1 1 T I C MICROCLINE (CATANZARO AND GAST ,■ X^GO) , IS PRESUMABLY 
POST-METAMORPHI C BUT RELATED TO THE OROGENY WHICH CULMINATED 
IN THE METAMORPHIC ROCKS REFERRED TO ABOVE. 

IT MUST AGAIN BE NOTED THAT THESE ANCIENT BEARTOOTH 
ME 1 ASEO I MENTS CONTAIN ZIRCON GRAINS OF MUCH GREATER ANTIQUITY 
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HAN THE MATRIX. ALTHOUGH ZIRCON OCCURS IN MOST IGNEOUS ROCKS 
IT PREPONDERATES IN GRANITES WHICH SEEMS THE LIKELY SOURCE* -T* 
OF THE SEDIMENTARY ZIRCON. THIS, TOGETHER WITH THE PRESENCE 
OF METAMORPHOSED QUARTZ SANDSTONES, THE SOURCE OF WHICH HAS 
NOT YET BEEN DISCOVERED, INDICATE A SIALIC PARENT ROCK. 

. The Seartooth metasediments in the Stillwater River Area, 

ABOUT 25 MILES NORTHWEST OF THE QUAD CREEK REGION HAVE ALSO 
BEEN THE SUBJECT OF RECENT RE I NVEST I GAT I ON . The STILLWATER 
IGNEOUS COMPLEX, DESCRIBED IN OETA 1 L : -BY HESS (i960) IS ' 
1 NTRUOED INTO THE BEARTOOTH GROUP WHICH HAVE BEEN DESCRIBED 
BY A. POLDERVAART (-PERSONAL COMMUNICATION) TO CONSIST OF 
SOME QUARTZITE ANO IRON STONE MEMBERS WITHIN A MAIN MASS OF 
METAMORPHOSED POTASSIC SHALES. A K/Ar DATE ON B.OTiTE FROM 
THE METAMORPHIC AUREOLE BORDERING THE INTRUSION WAS FOUND TO 

8t 3*2 B - Y - (J. L. Kulp, personal communication); In addition 

TO DATING THE INTRUSION, THIS DATE ESTABLISHES AT LEAST A 
M I.N I MUM AGE FOR THE DEPOSITION OF THE ORIG-INAL BEARTOOTH 
SEDIMENTS WHOSE COMPOSITION HERE AGAIN IMPLIES AN EARLIER 
SIALIC. SOURCE . 

In THE INVESTIGATION OF ANCIENT ROCK AGES l-N NORTHWESTERN 
Wyoming, to the south of the Beartooth Range, Giletti and Gast 
(1961) AND Bassett and Giletti (1965) report Rb/Sr ages up to 

• 2.7 B.Y. ON MUSCOVITE FROM PEGMATITES THAT CUT HIGHLY META- 
MORPHOSED rocks. These authors conclude that these ages, 

WHICH REPRESENT TERMINAL METAMORPHISM OF A SEDIMENTARY 
SEQUENCE, ARE EXTENSIVE IN WESTERN AND CENTRAL -WYOMING. The 



■V'ETASEO | ME NTS OF QUAD CREEK, NORTHWEST WYOM I NG« AND THE STILL- 
WATER AREA APPEAR TO BE A UNIFORM GEOLOGIC REALM. THE FIRST 
TWO SEEM TO BE CORRELATIVE WITH THE R I CE LAKE, BuLAWAYAN A, HO ’ 

UPPER Katarchean. The Stillwater may be older, '-possibly 

CORRESPONDING TO THE STILL OLDER ROC^S IN AFRICA. 


According to Wi lson, .Compston, Jeffery and Riley (1960), 

THE OLDEST ROCKS IN AUSTRALIA SHOW ESSENTIAL UN i'tY IN STRUCTURE 
AND AGE IN A REGION OF ABOUT 500,000 SQUARE MILES IN WESTERN ' 
Australia. Although the most accurately dated area is at 
Boya, near Perth, where the total rock method on granite gives 

AN AGE OF 2.7 B.Y. FOR THE EMPLACEMENT OF THE GRANITE, Rs /S r 
AND K/Ar AGE DETERMINATIONS OVER THE VAST AREA REFERRED TO 
ABOVE ALSO GIVE' 2. 7 B.Y. (w.lTHIN A k PER CENT SPREAD) AT MANY 

localities. This latter age was determined on lithium-bearing 

PEGMATITES WHICH INJECT THE KALGOORL I E GREENSTONES AND THUS 
INDICATE THE DATE OF METAMORPHISM OF THIS WIDESPREAD ROCK 
SYSTEM. The GREENSTONES WERE DERIVED FROM BASALTIC AND 
ANDESITIC LAVAS, P YROCLAST I CS , BASIC AND ULTRABASIC INTRUSIONS, 
BANDED IRON FORMATIONS AND ILL-SORTED CLASTIC SEDIMENTS. 

iHe GREENSTONES OCCUR IN LONG NARROW BELTS SURROUNDED 
ON ALL SIDES BY GRANITE OR GRANITE GNEISS WHICH ARE REGIONALLY 
CONCORDANT WITH THE GREENSTONES. THE GNEISSES, WHICH ARE IN 
PART AT LEAST, REMETAMORPHOSEd" INTO A COMPLEX CONTAINING 
CHARNOCK I T 1 C ROCKS OF ALL TYPES, ARE CONSIDERED BY WlLSON (1958) 
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TO SE THE OLOEST ROCKS PRESENT, AND TO REPRESENT;.. THE MORE 
AC 10 CRUST ON WHICH THE ORIGINAL GREENSTONE SOURCE ROCKS WERE 
LAID DOWN. NO DATES ON THE ANCIENT GNEISSES HAVE BEEN GIVEN 
ALTHOUGH AGE DETERMINATIONS ARE PLANNED. At PRESENT, THEREFORE, 
ANY TENTATIVE CORRELATION WITH ROCK GROUPS OF GREAT ANTIQUITY 
ON OTHER CONTINENTS IS DIFFICULT. 

One OF THE CLASTIC UNITS INCLUDED IN THE GREENSTONES 

from Southern Cross has more recently been described by Marshall, 
May and Perret (19&J-) to be a fine-grained quartzite consisting 
of angular quartz grains. 

0 1 RECT Conclusions from the Geolog i c Data 

The data on the oldest rock sequences provide the basis- 
for establishing certain limits regarding conditions and 
events in the earliest geologic phase of EARTH HISTORY. I Ln 
the I nterpretat i on of THESE DATA CERTA IN'.ASSUMPT I ONS OR 
generalizations are involved. Although further study may 

ALTER OR REFUTE SOME OF THE CONCLUSIONS, THE METhjOD OF 
ANALYSIS SEEMS VALID. 

In Africa and the Kola Peninsula the terminal date for 

THE EARLIEST KNOWN GEOSYNCLINE CYCLES IS ABOUT 5*5 B . Y . In 
ALL CASES IT IS NECESSARY TO ASSUME A PRECEDING TIME INTERVAL 
SUFFICIENTLY GREAT TO ACCUMULATE GEOSYNCLINAL PILES AND RA I SE 
THEM TO A HIGH DEGREE OF METAMORPHISM. IT SEEMS POSSIBLE TO 
ESTIMATE THE LENGTH OF THIS INTERVAL BY COMPARISON WITH THE 
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INTERVAL OF LATER CYCLES WHOSE TIME LIMITS ARE BETTER KNOWN. 

As NOTED EARLIER, THE NEXT MAJOR DIASTROPHIC EVENTS IN 

Southern Rhodesia and the northern Kola Peninsula occurreo 
at about 2.6 to 2.8 8.Y. In view of the long time interval 

BETWEEN SUCCESSIVE TERMINAL EVENTS IT SEEMS VERY REASONABLE 
TO CONCLUDE THAT THE EARLIEST CYCLE CUM I NAT I NG AT ^-5 B.Y. 

MUST HAVE BEGUN AT LEAST !{. BILLION YEARS AGO. T'H I S ARGUMENT 
IS GIVEN STRONG SUPPORT IN A LATER SECTION WHICH EMPHASIZES 
THE PROBABLE SLOW RATE OF EROSION IN AN EARLY GEOLOGIC TIME 
AS A RESULT OF LOW TEMPERATURE, LOW ATMOSPHERIC WATER VAPOR 
CONTENT AND ABSENCE OF ORGANIC ACIDS. 

This line of reasoning leads to the conclusion that 

SUBAERIAL .EROS ION, INVOLVING RUNNING WATER, WAS IN OPERATION 
AT LEAST Ij. BILLION YEARS AGO. BECAUSE THESE ESTIMATES ARE 
BASED IN PART ON THE K/Ar METHOD OF t SOTOP I C DATING, THEY MAY 
BE CONSIDERED MINIMAL OWING TO THE POSSIBLE LOSS OF ARGON AS 
NOTED EARLIER. IT MAY ALSO 3E CONCLUDED THAT AT LEAST A 
PORTION OF THE CONTINENTAL CRUST UNDERG.O I NG EROSION ABOUT 
k- BILLION YEARS AGO CONSISTED OF QUARTZ-BEARING SIALIC 
ROCK MATERIAL. 

The TIMING OF EVENTS FOR !\!ORTH AMERICA IS NOT AS 
DEFINITIVE BUT. NEVERTHELESS LEADS TO CONCLUSIONS OF 
GREAT ANTIQUITY REGARDING THE AGE OF THE FIRST EROS I ONAL CYCLE. 
The TERMINAL EVENT OF THE FIRST CLEAR-CUT SEDIMENTARY CYCLE IN 

Manitoba is about 2.6 to 2.7 b.y. If the granite inclusions 
in the Rice Lake conglomerates are considered to be primordial 
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crust, the first cycle would have begun about 5*5 billion 

YEARS AGO. If, HOWEVER, THIS GRANITE REPRESENTS THE CULMINATION 
OF A PRECEDING GEOSYNCLINAL CYCLE, THAN THE FIRST CYCLE 
• COULD ALSO BE EXTRAPOLATED BACK TO AT LEAST 2j. BILLION YEARS. 

IN THE BEARTOOTH REGION, IF THE ESTIMATED MINIMUM AGES OF 
5*5 TO i{..0 B.Y. FOR THE BEARTOOTH ZIRCONS ARE VALID, THEN A 
SIMILAR HISTORY FOR THIS REGION CAN BE ARGUED, PARTICULARLY 
IN VIEW OF THE QUARTZ-BEARING SEDIMENTS WHICH MUST CERTA I.NL Y 
HAVE BEEN DERIVED FROM SIALIC MATERIAL. THE STILLWATER DATE 
CERTAINLY ESTABLISHES THE .EXISTENCE OF A SEO I MENTARY PILE AT 
5-2 B.Y. WHICH MAY HAVE BEGUN ABOUT 5*5 S.Y. ,\As THE STILLWATER 
SEDIMENTS INDICATE A SIALIC SOURCE THEY MAY REPRESENT THE 
EROSION OF A PRIMORDIAL GRANITE CRUST OR AN EARLIER CYCLE 
GRAN I T 1 ZED MASS. 

Evidence for an initial acid crust over at least a large 
part of Australia is also strong in view of the granite and 

GRANITE' GNEISS BASEMENT IN THE WESTERN PART OF THE CONTINENT, 

AND THE QUARTZITE COMPOSED OF ANGULAR PARTICLES IN THE OVER- 
LYING GREENSTONES. ThE LATTER MUST BE GREATER UN AGE THAN 
2.7 B.Y., THE TIME OF PEGMATITE INJECTION AND METEMORPH I SM. 

Because the greenstones are mostly igneous in origin, it is 

DIFFICULT TO ESTIMATE THE TIME OF INITIATION OF THIS SYSTEM 
AS IS POSSIBLE WITH GEOSYNCLINAL DEPOSITS. CERTAINLY THE 
REMETAMORPHOSED GNEISSES, DESCRIBED AS THE BASEMENT, ARE 
CONSIDERABLY OLDER. If FIRST CYCLE, THEY PROBABLY REPRESENT 
PRIMEVAL ACID CRUST; IF SECOND CYCLE, THEY MUST REPRESENT 
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geological activity involving erosion of preexisting acio 

ROCKS AT LEAST 3*5 BILLION YEARS AGO, AND POSSIBLY ij.. 

A SUMMARY OF OUR DIRECT CONCLUSIONS FROM THE GEOLOGIC 
DATA ARE 0 ) AT LEAST PARTS OF THREE MAJOR CONTINENTS WERE 
PRESENT ABOUT BILLION YEARS AGO; (2) QUARTZ-BEARING SIALIC 
MATERIAL EXISTED IN THESE CONTINENTS WHICH MUST HAVE BEEN 
LARGER THAN THE AREAS IN WH I CH ROCKS OF THIS ANTIQUITY HAVE 
BEEN FOUND FORTUITOUSLY; (3) SUBAERIAL EROSION BY WATER 
TRANSPORi WAS ACCUMULATING SEDIMENTS IN GEOSYNCLINAL TROUGHS 
ABOUT ij. BILLION YEARS AGO; (ii) ADEQUATE RELIEF MUST HAVE 
EXISTED TO INITIATE AND MAINTAIN THIS PROCESS; AND (3) 
ABOVE-FREEZING TEMPERATURES MUST HAVE PREVAILED OVER AT 
LEAST PART OF THE EARTH’S SURFACE. 

GEOLOGICAL AND ASTRONOMICAL I iVPL I CAT I ONS OF THE 

OLDEST ROCKS 

Solar Luminosity 

THE. DATA AND INTERPRETATIONS GIVEN ABOVE LEAD TO THE 
CONCLUSION THAT RUNNING WATER REQUIRED FOR ROCK EROSION AND 
SEDIMENT TRANSPORT EXISTED AT A NUMBER OF PLACES HAVING A 
WIDE DlSiRIBUTION OVER THE EARTH 1 S SURFACE. CONSEQUENTLY THE 
TEMPERATURE OF MUCH OF THE SURFACE ATMOSPHERE MUST HAVE BEEN 
ABOVE FREEZING FOR MUCH OF THE YEAR. Th I S LEADS DIRECTLY TO 
A CONSIDERATION OF THE SOURCE AND MAINTENANCE OF THE ATMOS- 
PHERIC HEAT ENERGY AND AN EVALUATION OF ASTROPHYS I CAL THEORY 


OF SOLAR EVOLUTION. 
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The ULTlMAiE SOURCE OF THIS ENERGY IS THE SUN ANO THE 
LEVEL OF THIS ENERGY IS FUNDAMENTALLY DETERMINED BY SOLAR 
LUMINOSITY, WHICH HAS BEEN SLOWLY INCREASING ACCORDING TO 
ASTROPHYSICAL THEORY. If WE CONSIDER THE PRESENT ATMOSPHERE 
AND NEGLECT THAT PORTION OF THE SOLAR CONSTANT LOST THROUGH 
REFLECTION BY THE EARTH AND ATMOSPHERE (ABOUT PER CENT ) , 
ONLY ONE-FOURTH OF THE INSOLATION IS DIRECTLY ABSORBED BY 
.THE ATMOSPHERE AND THE REMAINING THREE-FOURTHS BY THE EARTH'S 
SURFACE. Ih IS. RESULTS FROM THE TRANSPARENCY OF THE ATMOSPHERE 
TO THE VISIBLE SPECTRUM WHICH COMPOSES ABOUT 90 PER CENT OF 
THE SOLAR CONSTANT. FOR THE MOST PART, THE LOWER ATMOSPHERE 
IS DIRECTLY HEATED FROM BELOW IN ORDER OF IMPORTANCE BY 
(1 ) ABSORPTION OF LONG WAVE (iNFRAREo) RERAD I AT I ON FROM THE 
EARTH'S SURFACE, (2) RELEASE OF LATENT HEAT OF CONDENSATION 
FROM WATER ORIGINALLY EVAPORATED THROUGH THE ENERGY OF THE 
SHORT RADIATION BY THE OCEANS, AND (j) DIRECT CONDUCTION FROM 
THE SURFACE FOLLOWED BY TURBULENT (CONVECTIVE) TRANSFER. 

Infrared absorption in ThE atmosphere is accomplished 

CHIEFLY BY WATER VAPOR AND CARBON DIOXIDE WITH THE FORMER 
BEING MUCH MORE IMPORTANT AT PRESENT IN VIEW OF ITS GREATER 
ATMOSPHERIC ABUNDANCE AND ITS MUCH MORE EFFECTIVE ABSORPTION 
OVER A BROAD SPECTRAL RANGE. THE COMPOSITION OF THE ATMOS- ■ 
PHERE jHUS PLAYS A VERY IMPORTANT ROLE IN ITS HEAT BUDGET. 

This composition must be considered for the primitive atmos- 
phere BEFORE SOLAR LUMINOSITY CAN BE DIRECTLY RELATEO TO 
EARLY SURFACE TEMPERATURE CONDITIONS. 
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We can wake a good estimate of the present greenhouse 

EFFECT OF THE ATMOSPHERE FROM THE INFRARED ABSORPTION JUST 
DESCRIBED. The RADIATION TEMPERATURE OF THE EARTH’S SURFACE 
IS 22j.6 K FOR A TERRESTRIAL AL8 EDO OF 1]_0 PER CENT. A S THE AVERAG 
SURFACE TEMPERATURE OF THE ATMOSPHERE IS 288 K (INTERNATIONAL 
Standaro Atmosphere), the present, greenhouse effect of i{.2 K 

IS QUITE S I GNI F I CANT. 

To CONSIDER WATER VAPOR FIRST, A REC I PROCAL. RELAT I ONSH I P 
EXISTS BETWEEN AIR TEMPERATURE AND WATER VAPOR CONTENT, The 
TEMPERATURE OF THE AIR DETERMINES THE VAPOR DENSITY OF WATER 
WHOSE GREENHOUSE EFFECT FURTHER INCREASES THE HEAT BUDGET 
OF THE ATMOSPHERE. WlTH A FAIRLY UNLIMITED OCEANIC SUPPLY 
AND A GIVEN LUMINOSITY, EQUILIBRIUM TEMPERATURES AND COMPOSITION 
WILL TEND TO FORM AS AT THE PRESENT TIME. IT SEEMS CLEAR 
FROM THIS THAT THE WATER VAPOR CONTENT MUST DEPEND FUNDA- 
MENTALLY UPON THE INTENSITY OF INSOLATION. 

IF THE OCEANS ACCUMULATED SLOWLY , THROUGH EXHALATION 
FROM THE EARTH'S INTERIOR, AS DISCUSSED BY RuSEY (195*0 AND 
SUPPORTED BY kULP (1950, THEN ITS EARLY SURFACE AREA MUST 
HAVE BEEN QUITE LIMITED. HUTCHINSON (1950 ALSO ESTIMATES 
THE PREB I OLOGl CAL OCEAN VOLUME TO BE NO MORE THAN 5 TO 10 
PER CENT OF THE PRESENT OCEANS. On THE BASIS OF A PROBABLE 
SLOW ACCUMULATION OF THE HYOROSPHERE TOGETHER WITH THE 
DEPENDENCE Or TEMPERATURE ON SOLAR LUMINOSITY, WE MUST 
REGARD WATER VAPOR AS UNIMPORTANT IN EVALUATING THE TEMPERA- 
TURE IN THE PRIMITIVE ATMOSPHERE. 
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At present there is also incomplete agreement about the 

COMPOSITION OF THE EARLY ATMOSPHERE AS REGARDS ,THE OTHER 
VOLATILES, INCLUDING THOSE WHICH MIGHT STRONGLY AFFECT THE 
ATMOSPHERIC HEAT BUDGET. UREY (1952) CONS I DERS' AN EARLY 
ATMOSPHERE AS CONSISTING OF WATER VAPOR, HYDROGEN, METHANE 
AND AMMONIA WITH THE QUANTITIES OF EACH BEING UNCERTAIN. 

Although methane has some absorption bands in the infrared, 

THE INTENSITY AND SPREAD OF THIS ABSORPTION IS VERY SMALL 
COMPARED TO WATER VAPOR, AND EVEN TO CARBON DIOXIDE. FURTHER^ 
AS DISCUSSED BY HUTCHINSON ( 1 95^- ) j OXYGEN, PRODUCED BY PHOTO- 
DECOMPOSITION, WOULD HAVE OXIDIZED METHANE TO CARBON DIOXIDE, 
WHICH IS SUGGESTED AS AN IMPORTANT SOURCE OF THE LATTER. If 
EXHALED SLOWLY DURING GEOLOGIC TIME, AS SUGGESTED FOR OTHER 
VOLATILES, THE CONCENTRATION OF METHANE MAY NEVER HAVE BEEN 

great. According to this concept of the early atmosphere, 

CARBON DIOXIDE WOULD HAVE HAD A LOW CONCENTRATION AND THERE- 
FORE WOULD HAVE BEEN OF LITTLE IMPORTANCE IN THE ATMOSPHERIC 
HEAT BUDGET. 

Rubey (1955) rejects Urey's estimate of the composition 

OF THE EARLY ATMOSPHERE ON THE BASIS OF GEOCHEMICAL OBSERVA- 
TIONS AND REASONING, PROPOSING INSTEAD THAT NITROGEN AND 
CARBON DIOXIDE WERE THE DOMINANT GASES PRESENT. RuSEY EXAMINES 
TWO PR I Ml 1 1 VE ATMOSPHERIC. MODELS HAVING HIGH AND LOW DENS I T I ES 
OF ORIGINAL VOLATILES. He CONCLUDES FROM THE GEOLOGIC RECORD 
1 HE CARBON DIOXIDE CONCENTRAT I ON COULD NOT HAVE 8EEN 
EXCESSIVE, BUT AT LEAST TH.I S VOLATILE MUST HAVE ACCUMU- 
LATED GRADUALLY DURING GEOLOGIC TIME. 
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Ammonia is the only volatile suggested for a primitive 

ATMOSPHERE THAT IS EFFECTIVE IN THE ABSORPTION OF INFRARED 
IN THE BAND IMPORTANT IN THE GREENHOUSE EFFECT. HOWEVER, 
i HE HIGH SOLUBILITY OF AMMONIA IN WATER WOULD PREVENT THE 
ACCUMULATION OF AN AMMONIA ATMOSPHERE S I GN |,F I CANTLY OENSER 
THAN THE AQUEOUS CONTENT OF THE PRESENT ATMOSPHERE. PRESUMABLY, 
THE PRODUCTION OF LARGE QUANTITIES OF AMMONIA WOULD INVOLVE 
THE SIMULTANEOUS GENERATION OF LARGE QUANTITIES OF WATER INTO 
WHICH THE AMMONIA WOU LD -D I SSOLVE . THEREFORE A LARGE GREEN- 
HOUSE EFFECT FOR THE PRIMITIVE EARTH DUE TO AMMONIA SEEMS 
UNLIKELY. 

The most reasonable conclusions we can make at this time 

FROM THE OBSERVATIONS ANO DEDUCTIONS OF GEOCHEMISTRY ARE THAT 
i HE EARLY ATMOSPHERE WAS PROBABLY NO MORE, ANO VERY LIKELY 
LESS, ABSORBENT IN THE INFRARED REGION THAN THE PRESENT 
ATMOSPHERE. SURFACE AIR TEMPERATURES MUST THEREFORE HAVE 
BEEN CONTROLLED PRIMARILY BY THE DIRECT INFLUENCE OF SOLAR 
LUMINOSi lY RATHtiR THAN i HE GREENHOUSE EFFECT. As SUCH, THE 
i IME OF EARLIEST DETECTABLE LI-QUID WATER ABLE TO CAUSE 
EROSION ANO TRANSPORTATION OF SEDIMENTS (ABOUT !{. BILLION 
YEARS AGO) ESTABLISHES THE EARLIEST TIME AT WHICH- SOLAR LUMINOSITY 
REACHED A VALUE NECESSARY TO SUSTAIN ABOVE-FREEZING 'TEMPERA- 
TURES. 

JN APPLYING THIS CONCLUSION TO ASTROPH YS l CAL THEORY OF 
SOLAR EVOLUTION, WE' CAN UTILI-ZE THE LUMINOSITY CA-LCU LAT 1 ONS 
OF HASELGROVE ANO HOYLE (1959) WHICH LEAD TO A SOLAR AGE OF 
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5-3 b.y. In view of the uncertainty of nuclear, data and 

THEORY AND INITIAL SOLAR COMPOSITION, HOYLE (l'9o0) HAS 
ESTIMATED THE UNCERTAINTY IN SOLAR LUMINOS-I'TY CALCULATIONS 
TO BE ABOUT 2^ PER CENT. The GEOLOGIC RESULTS MAY THUS BE OF 
CONSIDERABLE VALUE IN ESTABLISHING PERMISSIBLE VALUES FOR 
THESE CALCULATIONS. 

Table 1, which has been developed from the=-age calcula- 
tions of Haselgrove and Hoyle, shows a time scale of solar 
EVOLUTION AND RESULTING TERRESTRIAL SURFACE TEMPERATURES 
ACCORDING TO A CHOICE OF INITIAL CONDITIONS. T I ME BEFORE THE 
PRESENT IS SHOWN IN THE FIRST COLUMN, THE RATIO OF PAST TO 
PRESENT SOLAR LUMINOSITIES IN THE SECOND COLUMN, THE RATIO 
OF PAST TO PRESENT BLACK BOOY TEMPERATURES 1 N THE THIRD 
COLUMN (BASED ON THE FOURTH ROOT OF THE LUMINOSITY) AND 
THREE SETS OF VALUES OF RESULTING SURFACE AIR TEMPERATURES 
IN THE LAST THREE COLUMNS. 

In THE. COLUMN HEADED T , THE RAT I OX T/T IS APPLIED TO 

1 0 0 

THE PRESENT AVERAGE SURFACE All R TEMPERATURE OF 288 K. BECAUSE 

STUDIES OF CENOZOIC CLIMATE INDICATE A SLOW COOLING WHICH 

CULMINATED IN THE PLEISTOCENE I CE AGE, PRECEDED BY A 

WARMER AND MORE EQUABLE GLOBEL CLIMATE, IT MAY BE MORE 

CORRECT TO USE AN ESTIMATED PRE-LATE CENOZOIC AVERAGE OF 
0 - 

295 K. Column is based on this value. As noted earlier, 

THE PRESENT RADIATIVE EQUILIBRIUM TEMPERATURE OF THE EARTH 

f 0 

(WHICH OMITS THE PRESENT GREENHOUSE EFFECT) IS 2lj.6 K. COLUMN 
T INDICATES PAST TEMPERATURES BASED ON THj.S VALUE.. 



If TERRESTRIAL surface temperatures crosseo the freezing 

THRESHOLD ij. BILLION YEARS AGO, THE VALUES IN COLUMN T SEEM *' 

2 

•TO GIVE THE MOST COMPATIBLE FIT BETWEEN OBSERVATION AND 
THEORY. We MUST EMPHASIZE THAT THE ASSUMPTIONS INVOLVED IN 
DETERMINING ARE THE MOST FAVORABLE FOR PRGDUCl-NG. AN EARLY 
CROSSING OF THE' FREEZING THRESHOLD. As A CONSEQUENCE OF THE, 
FLATNESS OF THE LUMINOSITY CURVE IN FIGURE 2, THE .CHANGE IN 
A BILLION YEARS IS ONLY ^ DEGREES SO THAT THE THEORETICAL 
RESOLUTION OF THE TIME - TEMPERATURE POINTS IS RATHER COARSE 

Small changes in the theoretical L/L q can smft the freezing 

THRESHOLD OVER A. LONG TIME INTERVAL. ACCORDING TO COLUMN E] 
(BASED ON PRESENT TEMPERATURES) THE FREEZING POJ.NT WOULD NOT 
HAVE BEEN CROSSED UNTIL ABOUT 2 BILLION YEARS AGO. ALTHOUGH 
THE DATA IN COLUMN DO NOT APPLY DIRECTLY TO RECENT AIR 
TEMPERATURES, WHICH, AS NOTED EARLIER, ARE CONTROLLED BY A 
STRONG GREENHOUSE EFFECT, THEY MIGHT VERY WELL APPLY TO THE 
VERY EARLY ATMOSPHERE. THE RESULTING GREENHOUSE EFFECT COULD 
HAVE BEEN CONSIDERABLY LESS THAN. THAT OF THE PRESENT. iT MAY 
THEREFORE BE REASONABLE TO TRACE THE SURFACE AIR 
TEMPERATURE CURVE FROM THE LOWER PART. OF COLUMN TO THE 

upper part of Column Tg as the greenhouse effect became more • 

IMPORiANT AT WHICH TIME A STEEPENING OF THE TEMPERATURE CURVE 
WOULD OCCUR. 

Before evaluating these temperature relations further, 

ANOTHER IMPORTANT CONSIDERATION MUST BE EXAMINED. | T WAS NOTED 
PREVIOUSLY THAT THE CURRENT RADIATION TEMPERATURE OF 
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IS BASED ON AN ALBEDO OF 1|_0 PER CENT. HOWEVER, |F THE EARLY 
TEMPERATURES WERE SU8FREEZI NG _ AS INDICATED BY PRESENT ASTRO- 
PHYSICAL THEORY, THEN A .CONS l DERAB LE TERRESTRIAL FROST COATING 
MUST HAVE EXISTED, COMPARABLE TO THE PROBABLE FROST COATING 
RESPONSIBLE FOR THE MARTIAN POLAR CAP. SUCH.A COATING REQUIRES 
A VERY MINUTE AMOUNT OF WATER AND WOULD HAVE THE 

ALBEDO Zj.0 PER CENT RESULTING IN LOWER EARLY TEMPERA- 

TURES IN EACH OF THE LAST THREE COLUMNS. 

The IMPORTANCE OF A HIGHLY REFLECTING PRIMITIVE FROST 
COATING IS STRONGLY EMPHASIZED FROM RECENT THEORETICAL AND 
EMPIR-ICAL METEOROLOGICAL OBSERVATIONS. FOR AN ATMOSPHERE 
TRANSPARENT TO INCIDENT RADIATION, BuDYKO ( 1 962 ) HAS CAL- 
CULATED THAT A SNOW AND ICE COVER OVER THE ENTIRE EARTH 

FOR A SHORT PERIOD WOULD DECREASE THE MEAN TEMPERATURE BY 
0 

ABOUT 100 C. HlS WORK SUGGESTS THAT THE PRESENT STRONG CONTRAST 
IN ZONAL TEMPERATURES BETWEEN LOW AND HIGH LATITUDES IS THE 
RESULT OF REFLECTION FROM THE ICE COVER IN BOTH POLAR REGIONS. 



Table 1_. 

Variation in £olar Luminosity and related 

TERRESTRIAL SURFACE AIR TEMPERATURES 


Surface Air Temperature °K 


Time 
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255 
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•95 
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.72 
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265 
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On a more empirical basi.s, Namias (1965) showed that 
temperatures over central United States were as much as 6°C 

BELOW EXPECTED VALUES AS A CONSEQUENCE OF 'THE ADDITIONAL 
REFLECTION -FROM SOMEWHAT EXTENDED SNOW COVER |f\J THIS REGION 

from mid-February to mid-March i960. In a very similar 

INVESTIGATION, ADEM (I96IJ.) CONSIDERED THE EFFECTS OF THE 
SNOW COVER OF DECEMBER 1962 WH I CH EXTENDED SEVERAL DEGREES 
FARTHER SOUTH OF THE NORMAL COVERAGE FOR NORTHERN UNITED 

States and large parts of Europe and Asia. Osserveo departures 

OF ^TEMPERATURE FROM NORMAL FOR JANUARY I965 REACHED 6 C AND 
10 C BELOW EXPECTED VALUES FOR NORTH AMERICA AND EURASIA, 
RESPECTIVELY. 

Although it seems certain to us that a primitive frost 

COATING EXISTED, THE TIME WOULD- DEPEND UPON THE RATE OF 
FORMATION OF THE ATMOSPHERE AND HYDROSPHERE AS WE-LL AS ON 
SOLAR LUMINOSITY. i F- THE ATMOSPHERE GREW SLOWLY, A HIGHER 
THAN PREDICTED LUMINOSITY WOULD HAVE BEEN REQUIRED TO 
PRODUCE ABOVE-FREEZ I NG TEMPERATURES ON THE PRIMITIVE EARJH . 

WE CANNOT DO MORE THAN TOUCH ON THE PROBLEM OF THE FROST 
COATING, AT PRESENT. TEMPERATURES WOULD CERTAINLY RISE D I S- 
CONT I NUOUSLY AT THE TIME THE FROST DISAPPEARED. 

Although there is, of course, much uncertainty in the 

GEOLOGIC INTERPRETATIONS OF THE AGE AND COMPOSITION OF THE 
EARLIEST ROCKS AND THE IMPLIEO GEOLOGIC PROCESSES DESCRIBED 
EARLIER, IT APPEARS THAT SOMEWHAT WARMER CONDITIONS PROBABLY 
EXISTED Ij. B.Y. AGO THAN CURRENT THEORY INDICATES., If THE 
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INTERPRETATIONS ARE VALID, ALiERNATIVE hypotheses affecting 
EARLY TEMPERATURE MUST BE CONSIDERED. 1. The COMPOSITION OF. 
THE PRIMITIVE ATMOSPHERE MAY HAVE BEEN SUCH..AS*TO PRODUCE A 
MUCH GREATER GREENHOUSE EFFECT THAN THE PRESENT j USED IN 
Table T. As discussed above, we have rejected this possibility 

BASED ON CURRENT INFORMATION. 2. The ZERO AGE OF THE SUN MAY 
oE GREATER THAN THAT USED IN CURRENT ASTROPHYS I CAL CALCULATIONS; 
AS SUGGESTED EARLIER, IN WHICH CASE THE EARTH MAY ALSO BE 
OLDER THAN 4*5 3. Y. 5* THE MODcL OF SOLAR COMPOSITION MAY 
REQUIRE SOME MODIFICATION TO PERMIT HIGHER LUMINOSITIES 
THAN’ THE VALUES' IN TABLE 1. 

Rates of Erosion 


The data and deductions given above all leao to the 

CONCLUSION THAT RATES OF WEATHERING AND EROS 1 ON DURING THE 
EARLY PERIOD OF EARTH Hi STORY MUST HAVE SEEN DISTINCTLY 
SLOWER THAN AT PRESENT. ACCORDING TO THE CURRENT ASTRO- 
PHYSICAL THEORY DESCRIBED, TERRESTRIAL SURFACE TEMPERATURES 
WERE SIGNIFICANTLY LOWER ABOUT k BILLION YEARS , AGO THAN THEY 

ARE AT PRESENT. It IS ALSO LIKELY THAT FOR A LONG TIME, 
RUNNING WATER MAY ONLY HAVE EXISTED DURING THE SUMMER SEASONS, 
HENCE,. BOTH CHEMICAL AND MECHANICAL WEATHERING IN ADDITION 


TO WATER EROSION ANO TRANSPORTATION WOULD HAVE OPERATED 
RELATIVELY SLOWLY.' 
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In addition to the temperature effect, the' COMPOS I T I ON 

OF THE ATMOSPHERE, WHICH WAS SO DIFFERENT FROM THAT OF THE 
PRESENT, WOULD HAVE ALSO ACTED TO SLOW THE RATES' OF WEATHERING 
AND EROSION. OWING TO THE PR0BA3LE ABSENCE OR LOW ATMOSPHERIC 
DENSITY OF WATER VAPOR, OXYGEN, AND CARBON Di-OX IDE REFERRED 
TO EARLIER, ROCK DECOMPOSITION MUST CERTAINLY HAVE BEEN VERY 
RETARDED IN COMPARISON TO THE CURRENT ACTIVITY'OF THE HYDRA- 
T I ON , OXIDATION, AND CARBONAT I ON PROCESSES. THE IMPORTANCE 
OF THE LATTER HAS RECENTLY SEEN STRESSED IN THE IMPORTANT 
EQUILIBRIUM REACTION DESCRIBED BY UREY (T95^) AS FOLLOWS: 

Ca SiO^ 4- C0 2 “5* CaCO^ f Si0 2 
Mg SiO^ f C0 2 — * MigCO- 4 Si0 2 
Further, Rubey (1951, 1955 ) and Turekian (1959) have 

EMPHASIZED THE IMPORTANCE OF THE PRESENCE OF ORGANIC ACIDS 
IN THE WEATHERING OF SILICATES. THEY POINT OUT THE SLOWNESS 
OF THE DECOMPOSITION PROCESSES REFERRED TO ABOVE IF SUCH 
MINERALS ARE IN CONTACT WITH RELATIVELY PURE WATER. THUS 
WHEN ALL OF THESE FACTORS - THE PROBABLE LOW TEMPERATURE, 

THE EFFECTS OF^COMPOS I T I ON ON ROCK WEATHERING AND THE LACK OF 
ORGANIC ACIDS EARLY IN EARTH HISTORY - ARE TAKEN TOGETHER, IT 
SEEMS AN INESCAPABLE CONCLUSION THAT EARLY WEATHERING AND 
EROSIONAL PROCESSES MUST HAVE BEEN RELATIVELY SLOW, AND MUST 
HAVE INCREASED IN TEMPO DURING GEOLOGIC TIME. Th 1 S REASONING 
HAS LED IN PART -TQ THE ESTIMATE OF O.^B.Y. FOR THE DURATION 
OF THE EARLIEST GEOSYNCL I NAL CYCLES, REFERRED TO IN AN EARLIER 



SECTION, ANO ALSO LEADS TO THE CONCLUSION THAT THE DURATION 
OF INDIVIDUAL GEOSYNCLINAL CYCLES SHOULD HAVE DECREASED 
WITH TIME. 


Formation of the Continents 

All of the- direct conclusions from the oldest rocks lead 

DIRECTLY -TO A CONSIDERATION OF THE MECHANISM OF FORMATION OF 

THE EARTH* S CONTINENTAL CRUST. IT WOULD SEEM THAT THE PRESENCE 

OF EARLY CONTINENTAL PLATFORMS MUST HAVE 8EEN THE PRODUCT OF 

A LOW DENSITY CRUST APPROX 1 MAT I NG THE COMPOSITION OF GRANITE 

JUSt AS IS TRUE OF THE PRESENT CONTINENTS. Th I S LEADS DIRECTLY 

TO THE AGE-OLD QUESTION OF HOW THESE EARLY GRANITIC CONTINENTAL 

MASSES ORIGINATED. ALSO, HOW 0 1 FFERENT WERE THEY FROM THE 

PRESENT CONTINENTS, WHICH HAVE A VOLUME OF ABOUT 6 X 1 O^KM^ 

22 

AND A MASS OF ABOUT 1-7 X 10 Kg, 95 PER CENT OF WHICH ARE 
COMPOSED, EXCLUSIVE OF SEDIMENTS, OF GRANITES AND GRANOD I OR i TES 
OR THEIR METAMORPHIC DERIVATIVES. 

IT IS COMMONLY HELD (e.G., BaRTH, 1962, P. ^2) THAT 
“MOST CONTINENTAL ROCKS ARE SIMPLY RECYCLED, MODIFIED 
SEDIMENTS." And WE NOW SEE EVIDENCE FOR THE EXISTENCE OF 
GRANITIC CONTINENTAL MATERIAL PRIOR TO THE EARLIEST RECOGN I ZA3 LE 
SEDIMENTARY CYCLE. I HE MAJOR PROBLEM IN THIS CONNECTION IS 

a 

WHElHER THE GRANITE WAS SECONDARY, HAVING SEEN DERIVED BY 
DIFFERENTIATION OR GRAN I T I 2AT i ON , OR WHETHER THIS GRANITE 
WAS IN A SENSE AN ORIGINAL PART OF THE EARTH'S CRUST. 



■Closely involved with this problem is the time scale 

AVAILABLE FOR PRIMEVAL TERRESTRIAL PROCESSES. THE MOST 
FUNDAMENTAL INFORMATION RELATED TO THE TIME SCALE' COMES 
FROM ’STUDIES ON THE THERMAL HISTORY OF THE EARTH. iVACDONALO 1 S 
COMPREHENSIVE STUDY (1959) CONSIDERS A LARGE NUMBER OF 
MODELS WHICH INCLUDE A SPREAD OF INITIAL TEMPERATURES AND 

. i 

A DIFFERENT DISTRIBUTION OF HEAT SOURCES, ALL FOR AN EARTH 

OF CHONDRITIC COMPOSITION. Of PARTICULAR INTEREST HERE IS 

HIS MODEL llj. USING AN INITIALLY HOMOGENEOUS EARTH WITH A 

O 

UNIFORM TEMPERATURE DISTRIBUTION OF 1^00 C AFTER ACCUMULATION. 
The DISCUSSION G.IVEN EARLIER ON THE ORIGIN OF THE EARTH 
SUGGESTS A MODEL SIMILAR TO THIS BUT PROBABLY AT A LOWER 
TEMPERATURE. IN ANY CASE, AS WE DISCUSSED, THE SURFACE MUST 
HAVE BEEN WELL BELOW THE MELTING POINT. 

MacDonald finds, even for the high initial temperature 

OF MOOEL ll}., THAT 10^ YEARS. WOULD BE REQUIRED TO REACH THE 

i 

MELTING POINT OF THE METALLIC PHASE. THE MANTLE TEMPERATURE 
WOULD NEVER EXCEED THE MELTING POINT OF SILICATES DURING 

this time. According to these results, the separation of the 

EARTH INTO CORE AND MANTLE WOULD HARDLY HAVE BEGUN BY A 
3 ILL I ON YEARS AFTER FORMATION. ELSASSER (19&5> p * 2) NOT-ES 
THAT THE SEPARATION OF THE IRON WOULD NOT OCCUR UNTIL THE 
SILICATE MATRIX BECOMES SUFFICIENTLY SOFT AS ITS TEMPERATURE 
APPROACHES THE MELTING POINT. MacDgNALO 1 S CALCULATIONS 

(Fig. 2 ) show that below 1000 km the temperature after 
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A BILLION YEARS IS ABOUT 1^00 C BELOW THE SILICATE WELTING 

point. Although the upper 5^0 km remained at about a constant 

TEMPERATURE, THAT OF THE DEEPER PORTION ARE SHOWN TO HAVE 
BEEN WARMING NEARLY UNIFORMLY. 

The thermal history of the earth developed 3Y Lubimova 

( 1958 ) ls ESSENTIALLY IN AGREEMENT WITH THE SOMEWHAT MORE 
COMPREHENSIVE TREATMENT OF MACDONALD. The SEPARATION OF THE 
EARTH INTO A METALLIC CORE AND S-I L I CATE MANTLE MUST BE 
CONCLUDED TO HAVE BEEN A SLOW PROCESS BASED UPON THE 
ARGUMENTS AND CONCLUSIONS GIVEN HERE. SEGREGATION IN THE 
UPPER MANTLE WOULD ALSO BE DELAYED UNT.I L ABOUT- A BILLION 
YEARS AFTER ACCUMULATION. 

IN THE LIGHT OF THE DATA AND CONCLUSIONS GIVEN SO FAR, 

WE WILL NOW EXAMINE MECHAN-I SMS WHICH HAVE BEEN PROPOSED FOR 
THE DEVELOPMENT OF THE CONTINENTS. 

1. The GENERATION OF SECONDARY GRANITE BY THE EXTREME 
D 1 FFERENT 1 AT I ON OF A BASALTIC MAGMA PRESENTS SEVERAL PROBLEMS. 

First, such a basaltic magma can develop only about five 

PER CENT OF GRANITE. WE DO NOT FIND THE ROCKS THAT WOULD 
REPRESENT THE REMAINING 95 P£R CENT IN THE REGIONS WHERE GRANITES 
ARE PREVALENT. SECOND, THE RESIDUAL D'l FFERENT I ATES OF MOST 
ROCKS ARE RETAINED WITHIN THEIR MASSES RATHER THAN BEING 
EXCLUDED TO FORM A GRANITE BODY. BaRTH (' 1 9^2 , P. 1 21-125) 

D I SCUSSES ,TH I S PROBLEM FURTHER AND EXPRESSES THE DIFFICULTY 
INVOLVED IN THE DERIVATION OF THE GREAT BULK OF 'GRANITE BY 


DIFFERENTIATION- OF BASALTIC MAGMA 
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METASOMATIC GRANI T t ZAT I ON HAS BEEN CALLED UPON TO- 

EXPLAIN THE ORIGIN OF GRANITES BY MANY AUTHORS (SUMMARIZED BY. 
}? 62 - . 

Barth, , p. ;%9~557)* The mechanism proposed involves 

THE UPWARD MIGRATION OF K, Na , Al, AND Si AND THE DOWNWARD 

migration of Ca, Mg, and Fe. We do not see how there could 

HAVE BEEN ENOUGH T l ME 'FOR THIS PROCESS TO HAVE GENERATED THE 
PR l MORO I AL CONTINENTAL MASSES BETWEEN THE TIMES OF AGGREGATION 
OF THE EARTH AND OF THE EARLIEST DEMONSTRABLE GEOSYNCLINAL 
CYCLE ESPECIALLY IN. VIEW OF THE TIME SCALE DEVELOPED FROM THE 
THERMAL HISTORY. Th 1 S IS SUPPORTED BY THE GEOLOGIC DATA FROM. 

Southeastern Africa which indicates the presence of a relatively 

LARGE AMOUNT OF GRANITIC MATERIAL DURING THE EARLIEST SEDI- 
MENTARY CYCLE. IT THEREFORE SEEMS HARD TO ESCAPE THE CONCLUSION 
THAT A SUBSTANTIAL PRIMORDIAL CONTINENTAL CRUST OF GRANITIC 
COMPOSITION EXISTED IN AT LEAST THE REGIONS DESCRIBED AND 
THAT THIS CRUST PROVIDED MUCH OF THE SOURCE MATERIAL FOR 
EARLIEST EROSION. 

Further, -the conclusions of' Rubey (1951) and Kulp (195*0* 

THAT THE HYDROSPHERE AND PART OR ALL OF THE ATMOSPHERE 

ACCUMULATED SLOWLY- AND CONTINUOUSLY DURING GEOLOGIC TIME, 

' > 

TEND TO REFUTE THE POSS I B I L 1 TY OF A FAIRLY RAPID SEPARATION 
OF SIA-L1C COMPONENTS FROM THE MANT LE TO FORM THE EARLY 
CONTINENTS. I F THE VOLATILES WERE RELEASED FROM THE INTERIOR 
SLOWLY, THE FAST RISING OF THE MINERAL CONSTITUENTS REQUIRED 
FOR CONTINENTAL FORMATION WOULD HARDLY HAVE .BEEN POSSIBLE. 



Engle (19&5) has reworked somewhat the concept of 

CONTINENTAL GROWTH BY ACCRETION THROUGH THE DEVELOPMENT OF 

» 

GRANITIC MATERIAL IN OROGENIC PROCESSES WITHIN ISLAND ARCS. 

i 

It SEEMS TO US THAT THE INSTABILITY RELATED TO GEOSYNCLiNES 
AND ISLAND ARCS ARE THE RESULTS OF THE PRESENCE OF CONTINENTS, 
RATHER THAN THE CAUSE OF THEM AND THAT SIALIC INTRUSIVES AND 
EXTRUSIVES WITHIN MODERN AND ANCIENT ARC COMPLEXES REPRESENT 
IN LARGE PART AT LEAST, THE RECYCLING OF MATERIAL ALREADY 
PRESENT IN THE MARGINS OF CONTINENTAL BLOCKS. ' THE ANDESITE 
ZONE MAY' SIMPLY .REPRESENT THE REGION OF MIXED CONTINENTAL 

f 

AND OCEANIC MATERIAL. IF WE TRY TO VISUALIZE THE PRIMITIVE 
EARTH BEFORE THE DEVELOPMENT OF SIALIC MATERIAL, IT IS 

. t * 

DIFFICULT FOR US TO IMAGINE THE DEVELOPMENT OF GEOSYNCLINAL 
PILES WITHOUT THE PRESENCE OF SLOCKS OF S-l GN I F I CANT RELIEF 
FROM ORIGINAL DIFFERENCES IN DENSITY. 

2. The convectional process' involves. the cellular motion 

OF THE MANTLE RESULTING IN THE ACCUMULATION OF A GRANITIC 
D 1FFERENT1 ATE INTO LOCAL I ZED MASSES .AT T-HE EARTH ! S SURFACE. 

Hills ( T 9^4-7 ) visualized this as occurring from 'an originally 

UNIFORM SURFACE SCUM OF SIALIC COMPOSITION. Th 1 S SEEMS MORE 
READILY EXPLAINABLE UNDER THE CONDITION OF AN ORIGINAL MOLTEN 
EARTH THAN UNDER THE CONDITIONS OF COLD ACCUMULATION STRESSED 
IN TH.IS REPORT. 

Convection within the hot- mantle has been proposed as 

AN EXPLANATION OF THE CONTINENTS BY VENN I NG-Me I NE Z 09^-5) 

AND HAS BEEN ELABORATED BY HIMSELF AND OTHERS. UREY (1952) 



SUGGESTS THAT CONTINUOUS SEGREGATION OF METAL AND SILICATE 
PHASES MAY SUPPLY ENERGY FOR CONVECTION THROUGH THE GRAV 1 TA- 

tional energy released in suiloing the metallic core. However, 

THE EXISTENCE OF VISCOUS FLOW IN THE MANTLE BASIC TO ANY 

* s 

CONVECTIVE PROCESS HAS BEEN QUESTIONED BY JEFFREYS (1959), 

AND MORE RECENTLY BY MACDONALD (I 963 ) AND KNOPOFF (I 96 I 1 ). 

On THE BASIS OF THE KNOWN THERMAL GRADIENT THE ESTIMATED 
RATE OF SURFACE CREEP FROM CONVECTION HAS A SPREAD OVER AN 
ORDER OF MAGNI iUDE FROM ABOUT 2. 5 MM TO 2 CM PER YEAR 
(SCHE i DEGGER, 195^; DlETZ, 1 9^1 ) . iN THE PACIFIC OCEAN THIS 
WOULD MEAN, FOR THE MAXIMUM VALUE, THAT THE CRUST COULD 
HAVE BEEN DISPLACED r ROM THE CENTER OF THE OCEAN TO THE 
SHORES OF THE AMERICAS AND As I A (ABOUT ONE-QUARTER CYCLE OF 
THE CONVECTION CELL) SINCE EARLY MeSOZOIC. POUR TO FIVE COMPLETE 
CYCLES COULD HAVE OCCURRED SINCE ij.. 5 B.Y. AGO, THE ESTIMATED AGE 
OF THE EARTH'S CRUST, IF THE RATE HAS 3 EEN FAIRLY CONSTANT. 

Differentiation in the earth was certainly an inefficient 
process. If we assume only one cycle was sufficient, the 

ACCUMULATION OF A CONTINENTAL CRUST WOULD HAVE TAKEN ABOUT 
A BILLION YEARS AT THE ABOVE RATE. 10 THIS MUST BE ADDED 
THE TIME TO HEAT THE EARTH SUFFICIENTLY FOR CONVECTION TO 

occur. According to the results of both MacDonald and Lubimova 

GIVEN ABOVE, THE THERMAL GRADIENT OF THE MANTLE HAS BEEN 
STEEPENING WITH TIME, SO THAT PRESENT CONVECTION, IF OCCURRING, 
COULD HARDLY HAVE BEGUN UNTIL ABOUT A BILLION YEARS AFTER 
1 HE EARTH ACCUMULATED. CONVECTION DOES NOT SEEM THEREFORE TO 



SE A VALID MECHANISM FOR THE ACCUMULATION OF THE CONTINENTS. 
uVIDENCE PRESENTED IN THE SECTION ON SOLAR LUMINOSITY LEADS 
TO A POSSIBLE INTERPRETATION OF A MUCH GREATER AGE FOR THE 
SUN, AND CONSEQUENTLY OF THE EARTH / I F TRUE, h LONGER TIME 
INTERVAL WOULD BECOME AVAILABLE FOR THE INITIAL WARMING OF 
THE INTERIOR. 

In ADDITION TO THE ARGUMENTS ABOVE, W'E .THEREFORE DO NOT 
SEE HOW DIFFERENTIATION OR META SOMA T I C GRAN I T I 2AT I ON OR 
CONVECTION COULD HAVE PRODUCED DISCRETE CONTINENTAL MASSES 
WITHIN THE REQUIRED TIME LIMITS DESPITE RECENT PROPOSALS BY 

Engle ( 196 ^) and MacDonald ( 1965 ). To accomplish this within 

THE CURRENTLY ACCEPTED AGE OF THE EARTH OF Ij..^ B.Y. WE ARE 
LED INTO THE PR03LEM Or THE ACCUMULATION OF THIS GRANITIC 
CRUS 1 BY SOME MECHANISM OTHER THAN BY GEOLOGIC PROCESSES. 

The ONLY OTHER MECHANISM THAT SEEMS WORTH CONS I.DER 1 NG AT 
THIS TIME IS THE IMPACT OF CONTINENTAL-SIZED SIALIC BODIES. 

5* The ORIGIN OF THE CONTINENTS FROM THE IMPACT OF ONE 
OR MORE CONTINENT-SIZE BODIES OF LOW DENSITY WOULD AVOID 
MANY OF THE PROBLEMS ARISING FROM THEIR ORIGIN BY DIFFEREN- 
TIATION OF ORIGINAL TERRESTRIAL MATERIAL. IF THE VOLUME OF 
THE SIALIC CONTINENTS IS TAKEN AS 6 X 1 d? KM^ (30 KM IN 

thickness; 208 X TO km. in area), the radius of the equi- 
valent SINGLE BODY IS ABOUT 1.1 ^ X 10^ KM. THE PRESENT . 
DISTRIBUTION OF THE CONTINENTS SUGGESTS THAT IF SUCH AN 
ORIGIN OCCURRED, IT WAS MORE LIKELY FROM SEVERAL LARGE SOD I ES 
WITH THE LARGER" CONT I NENTS RESULTING FROM AN OVERLAPPING 



Et-FECT. Australia and Antarctica would thus require the infall 

OF BODIES -WITH DIMENSIONS OF ABOUT THE LARGEST-OF THE ASTEROlOS, 

Ceres, which has a radius of J70 km. 

In considering this mechanism of continental origin, 

Howell (1959) aovanced as objections the lack of known sialic 
meteorites and the probability that complete vaporization 
would occur from the energy of impact. 

Although the first objection raises a real problem, 

TWO WAYS AROUND IT EXIST. The MOON HAS MORE THAN THE REQUIRED 
RADIUS TO PRODUCE THE LARGEST CONTINENTS AND HAS VERY NEARLY 
THE RIGHT DENSITY. WHY THE MOON'S DENSITY I S. SO LOW WE DO NOT 
KNOW AND INDEED UREY (I 962 ) HAS STRUGGLED WITH THIS DIFFICULTY 
FOR A LONG TIME. BuT IF WE ACCEPT THE MOON AS FORMING SEPA- 
RATELY FROM THE EARTH THEN WE HAVE DEMONSTRABLE EVIDENCE THAT 
CONTINENT-FORMING OBJECTS DID EXIST. 

Further, one should not equate the composition of the 

PRESENT CRUST WITH THAT OF THE IMPACTING OBJECTS. THE LATTER 
WOULD HAVE BEEN MODIFIED BY MIXING WITH SURFACE MATERIAL 
DURING THE COLLISION AS WELL AS BY SUBSEQUENT GEOLOGIC 
PROCESSES PARTICULARLY INVOLVING INVASIONS FROM THE MANTLE. 

The second objection offered by Howell to the impact 

THEORY DOES NOT SEEM VERY STRONG, ESPECIALLY IP THE IMPACT 
WAS NOT HIGHER THAN THE ESCAPE VELOCITY. \f COMPLETE FUSION 
OCCURS, THE PROCESS WOULD BE AIDED SY GREATER EASE OF 30TH 
MIXTURE WITH THE MANTLE AND DIFFERENTIATION OF PETROLOGIC 
COMPONENTS. At THE PRESENT TIME IT CANNOT BE SAID WITH GREAT 
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CERTAINTY WHAT PROPORTION OF THE ENERGY OF IMPACT WILL BE 
INVOLVED IN THE PROCESSES OF MELTING, VAPORIZATION ANO ' 

SHATTERING. 

Some fraction of the material must have spread over 

THE SURROUNDING REGION TO A CONSIDERABLE DISTANCE. GEOLOGIC 
ACTIVITY OVER If. BILLION YEARS WOULD HAVE ERASED ANY INITIAL 
STRUCTURAL DETAILS. THE QUESTION TO BE ANSWERED IS WHETHER 
SUFFICIENT MATERIAL WOULD REMAIN TO SERVE AS PRJMEVAL CONTI- 
NENTS. In view of the DIFFICULTIES with GRADUAL formation of 
THE CONTINENTS RAISED BY THIS STUDY AND THE FACT THAT CONTI- 
NENTS DO EXIST, A bj AFFIRMATIVE ANSWER APPEARS TO BE A REASON- 
ABLE WORKING HYPOTHESIS. 

If formed in this MANNER, GEOLOGICAL PROCESSES within 
THE CRUST AND UPPER MANTLE WOULD CERTAINLY HAVE MODIFIED THE 
ORIGINAL SHAPES, DIMENSIONS AND COMPOSITION OF THE CONTINENTS. 
IF CONVECTIONAL PROCESSES HAVE OPERATED IN THE' MANTLE AS 
POSTULATED BY SO MANY, THEN CONTINENTAL DEFORMATION WOULD 
HAVE BEEN RESTRICTED TO THE OUTER RATHER THAN THE INNER 
PORTIONS OF CONTINENTS. THE RECYCLING OF SEDIMENTS IN THE 
30RDER REGION WHILE ROCK FROM THE INTERIOR WAS CARRIED OUTWARD 
ALMOST CONTINUOUSLY MIGHT GIVE THE IMPRESSION OF CONT I NENTAL 
GROWTH BY ACCRETION AT THE MARGINS. AT FIRST GLANCE THIS 
ACCRETION PICTURE LOOKS MUCH BETTER FOR NORTH AMERICA WITH 
ITS CENTRAL SHIELD THAN IT DOES FOR THE OTHER CONTINENTS. 

And even in North America, the oloest rock so far recognized 

OCCURS IN THE NORTHERN ROCKY MOUNTAINS WHICH SHOW RECYCLING 



AND NEW OROGENIC ACTIVITY AS RECENTLY AS LATE CrJETACEOUS, WHILE 

in Africa and Eurasia, the oldest rocks occur near continental 

MARGINS. 

. 

The impact hypothesis does not provide immediate explana- 
tions FOR THE APPARENT DIFFERENCES IN THE NATURE OF THE 
CON i INENTAL AND OCEAN I C MANTLE TO A DEPTH OF SEVERAL HUNDRED 
KILOMETERS. THE MOST COGENT DIFFERENCES ARE THOSE. .RE LATED TO 
DIFFERENCES. IN SEISMIC VELOCITIES. IVacDoNALD O963) SUMMARIZES 
THE SEISMIC RESULTS AND OFFERS OTHER EVIDENCES FOR DIFFERENCES 
BETWEEN CONTINENTAL AND OCEANIC MANTLE BASED ON ’ CONCLU S I ONS 
FROM GRAVITY AND THERMAL OBSERVATIONS. ALTHOUGH WE CANNOT 
AT PRESENT EVALUATE THE EFFECTS OF IMPACT ON THE MANTLE TO A 
DEPiH OF SOME HUNDREDS OF KILOMETERS, IT MAY BE EXPECTED 
THAT SOME DIFFERENCES WOULD DEVELOP DURING SEVERAL BILLIONS 
OF YEARS. 

IHE SMALL DIFFERENCES IN HEAT FLOW BETWEEN THE CONTINENTAL 
AND OCEANIC CRUST, THE DATA FOR WHICH ARE ALSO SUMMARIZED BY 
IVACDONALD, CANNOT BE READILY EXPLAINED 3 Y THE IMPACT HYPOTHES I S 
EXCEPT TO. NOTE THAT ORIGINAL DIFFERENCES MAY HAVE BEEN 
MINIMIZED BY GEOLOGICAL PROCESSES INVOLVING INTERACTIONS 
BETWEEN THE CRUST AND MANTLE. 

Unless the age of the earth is substantially higher 

THAN B.Y. A iERRESTRIAL MECHANISM OF ORIGIN SEEMS UNLIKELY 

; N VIEW OF THE PRESENCE OF CONTINENTS AND NORMAL GEOLOGICAL 
PROCESSES AS REMOTE AS !{. BILLION YEARS AGO. WITHOUT A SUB- 
STANTIAL REVISION OF THE AGE OF THE EARTH WE SUBMIT THAT THE 



IMPACT HYPOTHESIS OF ORIGIN I S AS COGENT AS AffY OTHER SO FAR 
OFFERED. THE ONLY ALTERNATIVE SEEMS TO BE AN ACCUMULATION 
TEMtPERATURE CLOSER TO THE SILICATE MELTING POiNT WHICH IS 
CONTRARY TO THE EVIDENCE FOR COLD ACCUMULATION DISCUSSED 
PREVIOUSLY. 


CONCLUSIONS 

A NUMBER OF GEOLOGICAL AND ASTROPH YS I CAL CONCLUSIONS 

* 

CAN BE DRAWN FROM THE NATURE AND AGES OF THE OLDEST ROCKS, 
ESPECIALLY WHEN CONSIDERED IN THE LIGHT OF CONCLUSIONS 
REGARDING THE AGE AND ACCUMULATION OF THE EARTH AND THE 
EVOLUTION OF THE SUN. W E WISH TO EMPHASIZE THAT MANY OF 
THESE CONCLUSIONS MUST BE CONSIDERED TENTATIVE PENDING 
FURTHER INVESTIGATION, 8UT WE BELIEVE THE CONCLUSIONS TO 
BE OF VALUE IN SETTING UP GUIDE LINES AND CERTAIN LIMITING 
CONDITIONS. 

1. Inferences from radioisotope dates indicate that at 

LEAST PARTS OF THREE MAUOR CONTINENTS WERE PRESENT AT LEAST ' 
!{. BILLION YEARS AGO. 

2. Since the finding of the oloest rock record is in 

PART FORTUITOUS ANO IN PART THE RESULT OF SUBSEQUENT GEOLOGIC 
HISTORY, THE PRIMITIVE CONTINENTS MUST HAVE BEEN CONSIDERABLY 
LARGER THAN THE REGIONS OF OLDEST ROCK OCCURRENCE. 

5- Quartz-bearing sialic rocks must have existed in the 

EARLY CONTINENTS IN AT LEAST SUFFICIENT QUANTITIES NECESSARY 
TO PROVIDE THE OBSERVED EROSIONAL SEDIMENTS. 
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!{.. SUBAERIAL EROSION BY RUNNING WATER MUST HAVE EXISTED 
AT LEAST Ij. 8 ILL I ON YEARS AGO-. 

5» Adequate continental relief must have existed at this 

TIME TO INITIATE AND MAINTAIN THE EROSIONAL PROCESS AND TO 
PROVIOE FOR THE TRANSPORTATION OF THE COARSE SEDIMENTS OF 
GREAT ANT 1 QU ITY. 

6. The surface temperature must have been above freezing 

OVER MUCH OF THE CONTINENTS ABOUT j|_ BILLION YEARS AGO. 

7 * The PRIMITIVE ATMOSPHERE AT THIS TIME PR03ABLY HAD 
A COMPOSITION SUCH THAT SOLAR LUMINOSITY WAS THE MAJOR FACTOR • 
IN DETERMINING TERRESTRIAL SURFACE TEMPERATURES. 

8, According to current models of solar evolution the 

SURFACE TEMPERATURES WERE PROBABLY SUBFREEZING. 5 To ACCOUNT 
FOR THE AQUEOUS EROSION PROBABLY PRESENT 1). BILLION YEARS AGO 
IT MAY BE IN ORDER EITHER TO PUSH SACK THE AGES OF THE 
EARTH AND SUN OR TO MODIFY THE MODELS USED TO SOME EXTENT. 

9 . - Rates of erosion are proportional to temperature, 

HUMIDITY AND VEGETATION. As THESE PR03ABLY ALL INCREASED 
DURING GEOLOGIC TIME, IT SEEMS THAT SEDIMENTATION RATES 
SHOULD ALSO HAVE INCREASED WITH CONSEQUENT 'DECREASE IN THE 
LENGTH OF GEOS YNCL I NAL CYCLES. 

10 . From publ i shed- calculat i ons on the thermal history 

OF THE EARTH IT CAN BE CONCLUDED THAT. THE MELTING OF SILICATES 
IN THE MANTLE WOULD NOT HAVE OCCURREO DURING THE FIRST B I LL,I ON • 
YEARS OF EARTH HISTORY. THIS SEEMS TO OBVIATE THE POSSIBILITY 
' HAT CONTINENTS FORMED BY ANY, SEGREGATION PROCESS FROM THE 
MANTLE UNLESS THE EARTH WERE CONSIDERABLY OLDER THAN Ij.. 5 
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BILLION YEARS. 

% 

11. i HE ALTERNATIVE PROPOSAL IS OFFERED '.THAT THE CONT I - 

$ 

NENTS ORIGINATED FROM THE IMPACT OF A SWARM OR SWARMS OF LOW 
DENSITY METEOR I TIC MATERIAL NOT NECESSARILY OCCURRING 
SIMULTANEOUSLY. FUSION AND ADMIXTURE WITH MANTLE MATERIAL 
BY GEOLOGIC PROCESSES. WOULD HAVE MODIFIED THE ORIGINAL 
MATERIAL INTO THE PRESENT CONTINENTS, WHICH FOR THE MOST PART 
SEEM TO CONSIST OF RECYCLED SEDIMENTARY ROCKS. THE UNSTABLE 
CONTINENTAL MARGINS WOULD TEND TO SUFFER FAIRLY CONTINUAL 
OROGENY 'CREAT I NG THE PERHAPS MISLEADING IMPRESSION OF 
ACCRETION AROUND A CENTRAL NUCLEUS OR CRATON. 
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Legend For \ llustra i i ions 

Fig.- 1. The variation of solar luminosity with time in 

TERMS OF THE RATIO OF THE PAST LUMINOSITY (L) 

TO THE PRESENT LUMINOSITY (Lg) (bASEO. ON i HE 
' CALCULATIONS OF HaSELGROVE AND HOYLE, 1959) 

Fig. 2. Temperature variation in a homogeneous earth of 

CHONDRITIC COMPOSITION HAVING AN INITIAL 
TEMPERATURE OF Vf.C0°C. (AFTER MACDONALD, 1959) 



